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SUMMARY  OP  RESULTS 


On  this  technical  program,  four  new  frequency  domain 
nonlinear  laser  spectroscopy  techniques  were  developed,  each  one 
providing  new  capability  to  study  the  effects  of  atomic 
collisions.  We  have  quantified  the  role  of  collision  effects  on 
hyperfine  optical  pumping.  This  is  critical  for  an  accurate 
interpretation  of  cw  frequency  domain  nonlinear  optical 
spectroscopy  experiments.  The  key  results  are  briefly 
summarized  below  and  discussed  in  detail  in  reprints  included 
as  appendices. 

1 .  Zeeman  Coherence  in  DFWM.  We  demonstrated  for  the 
first  time  the  ability  to  experimentally  isolate  the 
effects  of  Zeeman  coherence  using  DFWM.  This  provided 
new  understanding  of  the  polarization  properties  of 
phase  conjugate  mirrors. 

2.  Nearly  Degenerate  Four-Wave  Mixing  ( NDFWM ) .  Using  two 
cw  stabilized  tunable  dye  lasers,  we  demonstrated  the 
multiresonant  behavior  of  NDFWM.  NDFWM  provides  the 
ability  to  simultaneously  measure  the  transverse 
relaxation  rate,  as  well  as  the  longitudinal 
relaxation  rate  in  the  frequency  domain.  Prior  to 
this  work,  the  longitudinal  relaxation  rate  had  always 
been  measured  in  the  time  domain.  In  this  work,  we 
provided  the  first  clear  demonstration  using  nonlinear 
laser  spectroscopy  that  the  collision  trajectory  for 
sodium  atoms  in  the  3p  state  is  significantly 
different  than  the  collision  trajectory  for  sodium 
atoms  in  the  3s  state.  We  showed  the  evolution  of  a 
closed  quantum  mechanical  system  into  an  open  system. 
The  behavior  was  observed  as  a  collisional  narrowing 
of  the  first  or  T2  resonance  in  NDFWM. 

3.  Collisional  Enhancement  of  DFWM.  Using  DFWM  we  showed 
that  transitions  that  are  normally  weak  in  cw 
nonlinear  laser  spectroscopy  due  to  hyperfine  optical 
pumping  are  enhanced  due  to  velocity  changing 
collisions.  To  model  the  experimental  results,  a 
theory  was  developed  to  explain  the  data  and  provide 
the  first  estimate  of  the  velocity  changing  collision 
cross  section  between  sodium  and  two  rare  gases. 


State  Changing  Collision  Effects  in  Nonlinear  Laser 
Spectroscopy.  Using  DFWM,  we  found  that  transitions 
tnat  are  not  hyperfine  optically  pumped  because  of 
dipole  selection  rules  become  optically  pumped  due  to 
state  changing  collisions.  As  a  result  we  find  that 
normally  strong  transitions  become  very  weak  in  the 
presence  of  buffer  gas  collisions  at  pressures  as  low 
as  50  mTorr. 

Polarization  Nearly  Degenerate  Four-Wave  Mixing 
( PNDFWM ) .  Combining  the  results  of  Zeeman  coherence 
DFWM  and  NDFWM,  we  found  that  collisional  narrowing 
could  also  be  observed  due  to  spin-flip  collisions. 
This  technique  provides  a  new  way  to  measure  spin-flip 
cross-sections  in  the  frequency  domain. 

Measurement  of  the  Collision  Induced  Frequency  Shift 
and  Spectral  Broadening  of  js-ns Rydberg  Transitions. 
Another  spectroscopy  technique  designated  frequency 
domain  three-state  spectroscopy  (FDTS)  provided  nearly 
state  specific  collision  cross-section  information  for 
Rydberg  states.  The  experiments  provided  the  first 
simultaneous  measurements  of  the  frequency  shift 
parameter  and  the  pressure  broadening  cross-section  of 
the  3s-ns  superposition  Rydberg  state.  Both  collision 
effects  must  be  measured  in  order  to  confirm  the 
validity  of  collision  models. 

Nonlinear  Hanle  Effect  in  DFWM.  Using  our  ability  to 
isolate  Zeeman  coherence  in  DFWM,  we  have  demonstrated 
a  nonlinear  Hanle  type  behavior.  The  experiment 
showed  the  strong  dependence  of  the  Zeeman  coherence 
signal  on  the  applied  magnetic  field.  The  results 
indicate  that  the  Hanle  effect  may  be  useful  for 
studies  where  fluorescence  signals  are  hard  to 
observe,  such  as  in  rotational-vibration  molecular 
spectroscopy. 


Theory  of  four-wave  mixing  in  two-  and  three-level 
systems,  including  collision  effects  and  degeneracy  of 
the  energy  levels.  We  have  developed  a  general  theory 
of  DFWM  and  NDFWM  using  the  density  operator 
equations.  This  theory  is  valid  for  any  value  of 
laser  detuning  from  resonance,  but  is  restricted  to 
the  weak  signal  limit.  The  theory  includes  the 
effects  of  collisions  with  foreign  gas  perturbers, 
degeneracy  of  the  energy  levels  and  the  effects  of 
atomic  motion.  It  predicts  the  subnatural  linewidths 
in  NDFWM  and  the  behavior  of  DFWM  signal  as  a  function 
of  buffer  gas  pressure.  Two  models  were  constructed 
to  explain  the  behavior  of  the  resonance  at  6  =  0. 

The  first  model  uses  the  dressed  atom  picture  and  is 
based  on  the  conservation  of  energy.  The  second  is 


based  on  quantum  mechanical  amplitudes  and  describes 
the  effect  of  quantum  interference  on  the  signal. 

Both  models  yield  the  same  conclusion:  the  subnatural 
linewidth  at  6  =  0  arises  from  evolution  to  an  open 
system  in  the  presence  of  collisions. 
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ATOMIC  COHERENCE  EFFECTS  IN  RESONANT  FOUR-WAVE 
MIXING  SPECTROSCOPY  OF  SODIUM 


D.G.  Steel,  J.F.  Lam,  and  R.A.  McFarlane 
Hughes  Research  Laboratories 

3011  Malibu  Canyon  Road  . 

Malibu,  CA  90263  • 


This  paper  presents  preliminary  experimental  and  theoretical  results  on  -• 

two  new  aspects  of  sub-Doppler  spectroscopy  using  resonant  four-wave  mixing  • 

and  cw  tunable  dye  lasers.  The  first  technique  uses  degenerate  four-wave 
mixing  (DFWM)  to  study  optically  induced  Zeeman  coherences  while  the  second 
technique  uses  nondegenerate  FWM  to  study  excited  atomic  states. 

The  starting  point  in  the  analysis  of  four-wave  mixing  processes  is  the 
quantum  mechanical  transport  equation  for  the  density  operator  p  [1].  The 
perturbation  calculation  is  carried  out  to  Include  terms  in  the  series  expan¬ 
sion  of  p  up  to  third  order.  In  the  calculations  we  assume  counterpropagating 
pumps  (Ef  and  Eg)  and  a  nearly  collinear  probe  (Ep) .  Phase-matching  results 
in  the  signal  (Es)  counterpropagating  to  Ep.  The  analysis  assumes  a  Maxwellian 
velocity  distribution  yielding  after  velocity  integration  a  third  order 
polarization  in  terms  of  Plasma  Dispersion  functions. 

For  a  two  level  system  with  degeneracies,  we  calculate  the  contribution  to 
the  DFWM  signal  arising  from  optically  induced  spatial  modulation  of  atomic 
populations  and  atomic  coherences  (Zeeman  coherence)  between  degenerate  levels. 
Damping  is  included  as  a  phenomenological  decay  from  the  two  levels  at  rates 

and  Y2*  The  frequency  dependence  of  the.  signal  (in  the  extreme  Doppler 
limit  and  for  small  aGfc)  is  given  by  Es  ■  C  EfEgEf / (Yl2+1A)  where  co0 , 

2Yj?  ■  (Y]+Y2)  Is  the  linewidth,  and  a02  is  the  absorption  length  product. 

The  voppler-free  property  of  the  signal  arises  because  only  the  v=0  velocity 
group  can  interact  simultaneously  with  all  four  waves. 

When  all  four  beams  are  copolarized,  the  dipole  selection  rules  imply  that  t 

all  four  waves  interact  with  the  same  transition  (Am*0,  ±1)  resulting  in  a 
population  dependent  interaction.  However,  with  the  appropriate  choice  of 
pump  and  probe  field  polarizations,  the  presence  of  magnetic  degeneracies 
allows  the  possibility  of  generating  optically  induced  Zeeman  coherences  be¬ 
tween  degenerate  states.  Consider  the  choice  of  electric  field  polarization 
vectors  given  by  ef  ”  c+,  eg  -  £_  and  ep  =  £_.  The  action  of  the  forward 
pump  Ef-and  input  probe  Ep,  generates  a  spatial  modulation  of  the  Zeeman  co¬ 
herence  between  states  ] cxJotMct>  and  |aJaMa+2>,  which  are  connected  to  a  com¬ 
mon  state  |8JgMct+l>.  The  four-wave  mixing  signal  is  generated  via  a  scatter¬ 
ing  of  the  backward  pump  field  Eg  from  the  spatial  interference,  and  it  has  an 
electric  field  polarization  given  by  c+.  Physically,  the  Zeeman  coherence 
induced  by  Ef  and  Ep  can  be  viewed  as  an  electric  quadrupole.  The  Zeeman 
coherence  is  susceptible  to  depolarizing  collisions  in  contrast  to  the  popu¬ 
lation  which  experiences  velocity  changing  collisions. 

In  the  case  ef  *  eg  ■  x  and  ep  *  y,  the  DFWM  signal  is  polarized  in  the 
y-direction.  The  strength  of  the  signal  arising  from  both  ground  and 

I 
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exclCed  state  coherences  depends  on  the  respective  life-times.  The  relative 
strengths  are  given  by  Ig  and  Ie  and  C  “  (Ig+Ie).  As  an  example  for  this 
polarization  case,  Ig  =  (8yd)-1  E  | <J2M2 1 U | JlM2-l> I  2 1 <J2M2 1 V | JlM2+i> | 2  - 

m2 

(16Y!)-1  E  (|<J2M2|u|J1M2+1>|4  +  | <J2M2 j y | J1M2-1> |4  - 

M2  2  2 

|  <J2M2 1  u  |  JiM2+1>  |  2  ( < J 2M2+2 1  y  |  JiM2+l>  |  2  -  i  <J2M2  i  U I  JlM2-l>  |  2 1  <^2-2  |  U  |  JiK2"1>|1 


The  first  term  is  proportional  to  Yd”  *  (Yi+Yph)”*  “hile  the  second  term  is 
proportional  to  Y^-^.  Yph  is  determined  by  depolarization  collisions.  In 
general  Ig^Ig^O  but  in  tne  case  J=1-»\J=0  if  Ypha9  then  Ig=Ie=0  and  no  DFWM 
signal  is  expected.  In  the  presence  of  depolarizing  collisions,  Yph^O,  and 
therefore  Yd^Yi  leading  to  a  DFWM  signal  even  in  this  special  case.  Similar 
results  are  obtained  by  Bloch  and  Ducloy  [2]. 


For  the  second  technique  of  nondegenerate  FWM  spectroscopy  via  a  non¬ 
degenerate  3-level  cascade-up  system,  we  consider  as  a  general  example  the 
case  for  which  the  backward  pump  oscillates  at  (which  is  resonant  with 
transition  frequency  uj2^)  and  the  forward  pump  and  input  probe  oscillate  at 
frequency  ft2  (which  is  resonant  with  transition  frequency  U)32) .  We  assume  that 
the  level  energies  in  the  cascade-up  3-level  system  are  given  by  E3>E2>E^.  The 
physical  contribution  to  the  FWM  signal  arises  from  the  generation  of  a  2- 
photon  coherence  between  levels  |l>  and  | 3>  via  the  simultaneous  action  of 
Ef  and  Ej,.  In  collinear  geometry  the  resonance  condition  that  must  be  satis¬ 
fied  in  order  for  all  four  waves  to  interact  with  the  same  velocity  group  is 
given  by  fi2  -  W32  *  -(k2/ki)  (S2j_— o>2]_) .  The  signal  E^  is  proportional  to 
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x  ^12’  A32  *  ^2  “  OJ32»  *(l/2)(Yi+Yj)  and  Z  is  the  plasma 

dispersion  function.  In  the  Doppler  limit,  the  frequency  response  of  Es  is  a 
Lorentzian  whose  linewidth  is  given  by  the  2-photon  linewidth  Y13.  We  are 
presently  extending  the  theory  to  include  the  effects  due  to  AC  Stark  shift  [3] 


The  experimental  studies  of  these  effects  were  made  in  atomic  sodium  using 
a  stabilized  Coherent  Inc.  ring  dye  laser.  Using  an  experimental  configura¬ 
tion  discussed  earlier  [1]  we  studied  the  optical  field  induced  Zeeman  coher¬ 
ence  using  counterpropagating  pumps  arranged  to  be  linear  and  copolarized. 
With  the  probe  beam  linearly  polarized  and  the  axis  of  quantization  assumed 
parallel  to  the  pump  electric  field,  the  population  dependent  physics  could 
then  be  isolated  from  the  Zeeman  coherence  by  setting  the  probe  polarization 
either  parallel  or  orthogonal  to  the  pumps.  Fig.  la  is  a  DFWM  spectrum  of 
the  D2  line  (Y*0.5890  yn)  with  the  pumps  and  probe  copolarized  showing  the 
signal  resulting  from  population  physics.  Due  to  hvperfine  (hf)  optical 
pumping,  only  two  components  appear:  the  3^S^ y2(“-l)-3^P j/2(F=3)  transition 
and  the  32s^/2(F»l)-3‘P3/2(F«0)  transition.  Trie  latter  transition  shows  a 
splitting  due  to  saturation.  The  insets  show  spectra  at  pump  intensities 
well  below  6  mW/cm^,  the  saturation  intensity  for  the  first  transition. 
Rotating  the  probe  polarization  90°  we  obtain  the  signal  resulting  from 
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Fig. 1  Frequency  dependence  of  DFWM  signal  arising  from  population 
grating  and  Zeeman  coherence 


Zeeman  coherence  shown  in  Fig.  lb  (arbitrary  vertical  scale).  The  low  fre¬ 
quency  transition  (structure  A)  was  observed  as  expected  from  the  analysis 
and  the  high  frequency  transition  was  missing  as  predicted  above.  The  cen¬ 
tral  component  (structure  B)  is  a  crossover  resonance. 


A  more  detailed  analysis  shows,  that  the  Zeeman  signal  should  be  reduced 
when  upper  or  lower  level  coherence  is  removed.  Due  to  the  transit  time  and 
the  finite  laser  linewidth,  the  ground  state  coherence  is  destroyed  by  appli¬ 
cation  of  a  small  magnetic  field  parallel  to  the  pump  electric  field.  Since 

the  lower  energy  level  splitting  is  of  order  700  kHz/Gauss,  we  expect  a  sig¬ 
nificant  signal  reduction  with  a  field  of  a  few  hundred  milligauss.  The 

effect  of  the  sudden  drop-off  is  shown  in  Fig. 2a  which  is  an  oscillogram  of 

the  Zeeman  signal  versus  field.  Fig. 2b  shows  the  ordinary  population  signal 
dependence  on  magnetic  field.  The  rise  in  both  signals  is  presently  not 
understood.  Note  at  higher  fields  near  10  Gauss,  corresponding  to  a  line 
splitting  on  the  order  of  the  natural  linewidth,  both  signals  begin  falling. 


(a)  MAGNETIC  FIELD  (GAUSS)  (b> 

Fig. 2  Dependence  of  DFWM  signal  on  magnetic  field 


Demonstration  of  sub-Doppler  nondegenerate  four-wave  mixing  spectroscopy 
of  excited  states  was  achieved  by  coupling  the  32s^y2~^^p3/2  transition  to  che 
3^3/2-4^05/2  and  2  transitions.  As  an  example  of  the  potential 

usefulness  of  this  coupling  we  show  in  Fig. 3  an  example  of  the  resulting 
spectrum.  Using  two  stabilized  Coherent  Inc.  ring  dye  lasers,  the  forward 
pump  and  probe  were  tuned  to  the  upper  transition  near  0.5688  um  while  the 
backward  pump  was  tuned  to  the  lower  transition  at  0.5890  um.  A  signal 
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Fig. 3  Frequency  spectrum  of 
optically  induced  two-photon 
coherence  as  observed  by  non¬ 
degenerate  FWM.  Level  diagram 
shows  observed  transitions 


was  observed  at  0.5890  u<n  as  the  0.5688  im  laser  was  scanned.  This  interac¬ 
tion  is  perfectly  phase  matched  for  nearly  collinear  geometry.  The  four 
structures  showing  in  Fig. 3  are  from  the  following  transitions: 

A»  32s1/2(F-2)-32p3/2(F=3)-42d5/2(F=A);  B,  321/2(F«2)-32P3/2(F«3)-42D3/2(F=3) ; 
c*  32S1/2(F«1)-32P3/2(F=*0)-42D5/2(F-1);  D,  32S1f2(F-l)-3P3/2(.F-0')-b2V3/2(.F=0) . 
The  other  hf  transitions  were  not  observed  because  c*  optical  pumping.  The 
linewidth  of  the  intense  transitions  was  less  than  10  MHz  comparable  to  the 
expected  two-photon  linewidth. 


It  is  a  pleasure  to  acknowledge  useful  discussions  of  these  results  with 
Professor  T.W.  Hansch  of  Stanford  University.  This  work  was  supported  in 
part  by  the  Army  Research  Office  under  Contract  No.  DAAG29-81-C-0008. 
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I.  INTRODUCTION 

The  invention  of  the  laser  has  made  a  major  impact  in  the  field  of 
spectroscopv  since  the  unique  properties  of  the  laser  radiation 
iquasi-monochromaticiiv,  spatial  coherence,  and  tunability)  have 
provided  the  background  for  the  appearance  of  the  Doppler-free 
techniques  in  the  studies  of  atomic  and  molecular  spectra.  In  the 
>  ears  preceding  the  1960s.  the  measurement  of  atomic  and  molecular 
linewidths  was  severely  limited  by  the  random  motion  of  the  atoms. 
However,  the  discovery  of  the  Lamb  dip1  in  1963  brought  to  atten¬ 
tion  the  possibility  of  directly  measuring  the  natural  or  collision- 
broadened  linewidths  in  a  Doppler-broadened  quantum  system. 
Soon  atteruard.  a  series  of  novel  schemes  appeared  that  comple¬ 
mented  the  work  of  Lamb  and  co-workers.  They  are  saturated  absorp¬ 
tion  spectroscopy two-photon  spectroscopy.'  polarisation  spectros¬ 
copy.1  and  coherent  transient  spectroscopy.5  *  to  name  a  few. 

Nonlinear  phase  conjugation  came  about  in  the  study  of  aberra¬ 
tion  correction  in  optical  systems  by  means  of  nonlinear  optics.' '  It 
was  shown  that  the  processes  of  degenerate  four-wave  mixing 
(DFWM)  as  well  as  stimulated  Brillouin  scattering  (SBS)  provide 
means  o I  generating  phase-conjugated  waves  (see  D.  M  Pepper's 
paper,  this  issue  ol  Optical  Engineering  for  more  detailed  descrip¬ 
tions  of  these  physical  processes).  The  phenomenology  was  brought 
into  detinitiv  e  descriptions  by  using  standard  methods  of  nonlinear 
optics. ’"-'The  potential  of  using  DFWM  as  a  spectroscopic  tool  did 
not  come  about  until  19?'  when  the  collision-induced  coherence 
decay  rate  of  the  two-photon  transition  3S~ "4D  in  sodium  atoms 


Inwied  Paper  PC-IU5  received  Sep  15.  19»l.  accepted  tor  publication  Sep  28.  1981. 
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perturbed  by  buffer  gases  was  measured."  It  uas  realized  at  that 
time  that  the  resolution  of  the  DFWM  technique  was  not  limited  by 
t  he  Doppler  effect  and  gav  e  a  better  signal-to-noise  rat  io.  The  elimi¬ 
nation  of  the  Doppler  effect  in  the  experiments  was  achieved  by 
means  of  two-photon  excitation  of  the  atoms  due  to  the  nonlinear 
interaction  of  coun terpropagating  waves.  And  the  better  signal-to- 
noise  ratio  was  obtained  from  the  intrinsic  property  of  DFW  M.  i.e.. 
it  generates  a  coherent  phase-conjugate  signal  which  can  be  tempor¬ 
ally  and  or  spatially  separated  from  the  input  pulses. 

The  generalization  of  this  work  to  one-photon  resonant  systems 
in  the  transient14  and  steady-state15  regimes  for  the  measurement  of 
atomic  and  molecular  parameters  put  DFWM  in  the  proper  place  as 
an  additional  powerful  tool  of  nonlinear  laser  spectroscopy.  The 
objective  of  this  article  is  to  provide  an  overview  of  the  physics 
behind  the  technique  as  well  as  to  review  briefly  the  accomplish¬ 
ments  obtained  so  far  in  the  pursuit  of  understanding  of  the  basic 
interaction  processes  in  gaseous  systems.  In  an  article  of  this  nature, 
it  is  rather  easy  for  the  author  to  inadvertently  overlook  some  of  the 
work  published  in  this  rapidly  growing  field.  The  author  would  like 
to  extend  his  apologies  for  such  oversights. 

The  discussion  is  divided  into  two  sections.  The  first  section  will 
treat  the  experimental  situation  for  which  one  uses  cw  laser  sources 
in  the  diagnostics  of  the  atomic  and  molecular  systems  The  second 
section  will  deal  w  ith  the  case  of  pulsed  excitation  and  time-delay  ed 
interaction  processes.  For  sake  of  simplicity,  we  shall  denote  the 
former  as  steady-state  DFWM  and  the  latter  as  transient  DFWM. 

We  shall  restrict  this  discussion  to  the  regime  in  which  the  inten¬ 
sity  of  the  input  fields  is  much  smaller  than  the  saturation  intensity  of 
the  medium.  Furthermore,  in  order  to  avoid  problems  arising  from 
the  medium  length,  we  shall  assume  that  both  the  absorption  coeffi¬ 
cient  and  coupling  coefficient  times  the  medium  length  be  small 
compared  to  unity. 

II.  STEADY-STATE  DFWM 

We  shall  consider  the  physics  of  DFWM  in  two-level  systems  with 
nondegenerate  states  (Fig.  I ).  and  nondegenerate  three-level  systems 
(Fig.  21  The  interaction  geometry  is  chosen  such  that  the  pump 
fields  E,  and  Eb  are  counterpropagating  and  the  probe  field  Ep  is 
nearly  colinear  with  E,-  (Fig.  3).  Tlje  calculation  of  the  spectral 
profile  of  the  phase-conjugate  field  Es  is  obtained  by  the  perturba¬ 
tive  solution  of  the  quantum  mechanical  transport  equation  for  the 
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density  matrix  p. 


i^(7a  +  V.7)pao  =  ka  +  (H.p]aa  (la) 

i-MVafl  ■*"  '(o»-o»p0)  V.V)pa0  =  [H.p]a0  .  (lb) 

where  >a  is  the  energy  decay  rate  of  level  |a>:  Aa  is  the  incoherent 
pumping  rate  to  level  |a>:  ya and  waa  are  the  dephasing  rate.and 
resonance  frequency  of  transition  |a>- i#>.  respectively:  V  •  V 
describes  the  effects  of  velocity  and  spatial  hole  burning:  H  is  the 
Hamiltonian  describing  the  electric  dipole  coupling  to  the  radiation 
fields:  paa  is  a  measure  of  the  population  in  level  |a>;  and  pa  *  is  the 
measure  of  the  coherent  superposition  of  levels  |a>  and  1 0> .  Due  to 
their  complexity,  the  details  of  the  analysis  will  be  omitted  and  only 
the  results  will  be  given  (the  reader  is  referred  to  the  book  entitled 
Optical  Phase  Conjugation  edited  by  Robert  Fisher.  Academic 
Press  (1982).  for  a  more  in-depth  discussion).  Furthermore,  it  is 
assumed  that  the  input  fields  are  in  the  same  state  of  polarization. 


A.  Two-Level  System 

There  exist  two  distinct  phvsical  contributions  that  can  give  rise  to 
the  phase-conjugate  field  E$.  The  first  one  arises  from  the  spatial 
modulation  of  the  population  difference  generated  by  the  interfer¬ 
ence  of  the  pump  field  Ef  and  probe_field  Ep,  and  the  subsequent 
coherent  scattering  of  the  pump  field  j^,  off  this  spatial  modulation. 
In  the  second  one.  it  is  the  pump  field  Eb  that  creates  an  interference 
with  the  probe  field  Ep.  The  phase-conjugate  signal  is  obtained 
from  the  coherent  scattering  of  the  pump  Ef. 

The  generation  of  the  spatial  modulation  and  the  phase-conju¬ 
gate  signals  must  necessarily  involve  the  basic  dynamics  of  reso¬ 
nance  absorption  and  re-emission  processes.  The  atoms  or  molecules 
must  interact  with  the  input  and  generated  fields.  Simple  Doppler 
shift  relations  can  be  written  to  describe  the  nonlinear  interaction 
processes,  i.e.. 


<"  “  "o  ~  Kn 


V  =  0 


~  w0  ~  Kp  '  V  =  0 
-  <«„  *  Kp  •  V  =  0  . 


(2a) 

(2b) 

(2c) 


where  <u  is  the  laser  frequency.  <u0  is  the  resonance  frequency.  Kn  is 
the  wave  number  of  pump  Held  E„.  and  V  is  the  velocity  of  the 
atomic  species. 

The  first  two  resonance  conditions  in  Eq.  (2)  express  the  fact  that 
the  generation  of  the  interference  pattern  involves  absorption  pro¬ 
cesses  for  one  of  the  pump  fields  and  the  probe  field.  The  last 
resonance  condition  is  a  statement  of  the  coherent  re-emission  pro¬ 
cess.  For  nearly_gollinear  geometry.  Eq.  (2)  implies  that  only  those 
atoms  having  V  =  0  along  the  wave  propagation  direction  can 
interact  effectively  to  generate  a  phase-conjugate  signal.  Hence  the 
selection  of  the  V  =0  velocity  group  by  the  radiation  fields  leads  to  a 
Doppler-free  interaction  process.  The  spectrum  of  the  phase-conju¬ 
gate  signal  is  given  by  a  Lorentzian  profile  having  a  maximum  at  w  = 
w0  and  a  spectral  width  given  by  the  natural  linewidth  of  the  quan¬ 
tum  system. 

The  response  of  the  medium  is  given  by  the  polarization 


3C 

P(“r.t)  =  f 


d' Vp,,  p:i  -t-  c.c. 


(3) 


where  is  the  electric  dipole  moment  The  integration  takes  into 
account  the  random  motion  of  the  atoms  One  technique  useful  to 
evaluate  Eq.  (3)  involves  computing  the  density  matrix  p,,  to  third 
order  in  the  field  strengths  using  a  Feynman-type  diagrammatic 
approach.  The  v  anous  third-order  perturbation  schemes  are  depicted 
in  Figs.  (4)  and  ( 3),  where  p  denotes  population  and  c  denotes  optical 
coherences  A  set  of  Feynman-type  diagrams  can  then  be  drawn  to 


Fig.  1 .  Two-level  system 


Fig.  2.  Cascade-up  three-level  system. 


Fig.  3.  The  interaction  geometry 


v  isualize  the  effects  of  the  radiation  fields  on  the  atoms.  Figs.  (4)  and 
(S)  show  the  various  distinct  quantum  mechanical  amplitudes  that 
give  rise  to  the  polarization  expression  (3).  Figure  (4a)  says  thijt 
given  an  initial  population  difference,  the  effect  of  the  pump  field  E, 
is  to  generate  a  coherent  superposition  of  lower  and  upper  levels:  i.e.. 
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an  optical  coherence  is  produced.  The  action  of  (he  probe  field 
produces  changes  in  the  population  differences,  i.e..  a  spatial  modu¬ 
lation  is  created.  Next,  the  pump  field  generates  an  additional 
contribution  to  the  optical  coherence  which  is  responsible  for  the 
polarization  expression  (3);  i.e  .  it  generates  a  phase-conjugate  sig¬ 
nal.  A  similar  interpretation  can  be  given  to  Figs.  (4b)  and  (5). 

A  direct  calculation  of  the  sum  of  the  diagrams  or.  equivalently, 
the  quantum  mechanical  amplitudes,  yields  an  expression  for  the 
polarization  in  terms  of  the  plasma  dispersion  function.  For  the 
physical  situation  in  which  the  natural  linewidths.  energy  decay 
rates,  and  the  laser  detuning  from  resonance  are  much  smaller  then 
the  Doppler  width."’  the  nonlinear  polarization  becomes 


P<  r.tl  = 


constant 
y  —  i(w  —  u/0) 


ftfbfp* 


l(U/t- 


(4) 


w  here  is  the  natural  linew  idUj  and  the  field  envelope  <n  is  defined  to 
beE(~r.t)  =  v2f(~r)e‘,u't  ”  K'  rl  ■+■  c.c.  Expression  (4)  serves  as  a 
source  in  Maxwell's  equation,  and  the  resultant  phase-conjugate 
signal  is  essentialls  proportional  to  the  RHS  of  Eq.  (4).  Hence  the 
spectrum  of  the  phase-conjugate  intensity  is  a  Lorentzian  and  thus 
provides  a  powerful  tool  for  determining  the  natural  or  collision 
broadened  linewidths  of  any  atomic  or  molecular  system. 

Experimental  studies  of  the  D,  line  of  atomic  sodium  were  car¬ 
ried  out  using  the  technique  of  bFWM.1’  "  The  experimentally 
measured  linewidth  of  the  3S,  2(F  ==  2)  to  3P3  2(F  =  3)  transition 
was  20  MHz  which  is  bigger  than  the  well  known  value  of  10  MHz. 
The  discrepancy  may  be  due  to  the  stability  of  the  Argon  ion  pumped 
cw  dye  laser  system,  residual  Doppler  shifts,  and  optical  pumping.  I  n 
another  set  of  experiments,  the  spectra  of  gaseous  SF6  in  the  Vy  mode 
was  partially  resolved  using  a  C02  laser  as  a  probe  which  was  tuned 
around  the  P|6  line.  20  At  room  temperature,  the  calculated  Doppler 
w  idt  h  of  gaseous  SF6  is  30  M  Hz.  However,  the  spectral  resolution  of 
the  experimental  data  was  better  than  3  MHz.  This  observation 
shows  the  Doppler-free  nature  of  DFWM.  A  novel  variation  of  the 
DFWM  technique  was  developed  to  study  the  spectra  of  molecular 
iodine21  and  Argon  discharges.21  The  essence  of  these  approaches  is 
to  slightly  detune  the  frequency  of  the  probe  field  by  an  amount  +6 
aw  av  from  the  pump  fields.  From  the  law  of  conservation  of  energy, 
the  phase-conjugate  signal  is  slightly  detuned  from  the  pump  field  by 
an  amount  —6.  Hence  one  can  use  the  difference  in  frequency  for 
heterodyne  detection.  For  the  I,  study,  the  first  measurement  of  the 
effects  of  quenching  collisions  on  the  ground  state  of  the  iodine 
molecules  was  made.  It  was  found  that  the  pressure  broadening  was 
roughly  identical  for  both  the  ground  and  excited  states,  and  the 
value  of  the  pressure-broadened  width  was  estimated  to  be  3.4  — *3. 8 
MHz  torr.  A  typical  experimental  set-up  that  is  used  in  the  genera¬ 
tion  of  phase-conjugate  signal  and  studies  of  atomic  or  molecular 
spectra  is  shown  in  Fig.  6. 


B.  Three-Level  System 

The  phvsical  mechanism2’ 2!  giving  rise  to  a  phase-conjugate  signal 
in  a  three-level  system  (see  Fig.  2)  is  the  generation  of  a  two-photon 
coherence  between  the  levels  1 1  >  and  |3>  by  means  of  the  counter- 
propagating  pump  fields;  i.e.  the  action  of  the  pump  fields  generates 
a  coherent  superposition  of  levels  1 1>  and  |3>.2’  This  excitation 
process  has  two  interesting  properties.  First,  unlike  the  spatial  mod¬ 
ulation  mechanism  of  the  one-photon  transition,  the  two-photon 
coherence  is  spatially  uniform  and  oscillates  in  time  at  twice  the 
input  frequency.  Second,  the  resonance  condition  for  the  generation 
of  the  two-photon  coherence  is  given  by 

2u<  -  fl  —  tic,  -  "Kbl  •  "v  =  0  .  (5) 

where  fl  is  the  transition  frequency  between  levels i 3> and  1 1  >^The 
cjjunterpropagatmg  nature  of  the  pump  fields  implies  that  K,  -r 
Kh  =  0.  Hence,  the  interaction  process  is  Doppler-free,  and  all  the 
atoms  in  the  sample  participate  in  the  generation  of  the  two-photon 
coherence. 


Fig.  4.  Physical  diagrams  leading  to  tha  calculation  of  tha  third-ordar 
raaponaa  in  tha  casa  of  tha  interference  generated  by  tha  forward  pump  and 
probe. 


Fig.  6.  Physical  diagrams  leading  to  tha  calculation  of  the  third-order 
response  in  tha  case  of  tha  interference  generated  by  the  backward  pump 
and  probe. 


The  phase-conjugate  signal  is  produced  v  ia  the  probe  field  induced 
two-photon  parametric  process  as  shown  in  Fig.  i  One  should 
remember  that  no  population  is  involved  in  this  physical  mech¬ 
anism.  The  absence  of  the  spatial  modulation  contribution  arises 
from  the  fact  that  the  input  fields  are  far  detuned  from  the  inter¬ 
mediate  lev  el  resonance,  and  the  laser  detuning  is  large  compared  to 
the  Doppler  width. 

The  calculation  of  the  polarization  proceeds  in  the  same  manner 
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as  before.  Figure  8  shows  the  physical  schemes  (Feynman-type 
diagrams)  leading  to  the  phase-conjugate  signal.  In  the  extreme 
Doppler  limit,  the  result  is  given  by 


P<  r.t)  = 


constant 


y-i  +  i(2i«  — O) 


-  fit  & 


Jiuil  • 


(6) 


where  y,  is  the  two-photon  linewidth.  Again,  in  the  small  signal 
regime,  the  generated  signal  is  proportional  to  the  RHS  of  Eq.  (6). 

The  first  experimental  observation  of  two-photon  DFWM  was 
performed  in  atomic  rubidium  whose  detuning  from  intermediate 
level  1 2>  was  small  ( — 20  cm” 1 ). 2*  The  variation  of  this  technique  for 
small  probe  field  detuning  was  also  demonstrated  as  a  powerful  tool 
for  studying  metastable  transitions.2* 


III.  TRANSIENT  DFWM 

We  shall  now  consider  an  experimental  situation  for  which  the 
duration  of  the  input  pulses  is  short  compared  to  all  relevant  charac¬ 
teristic  relaxation  time  of  the  medium. 

In  this  regime,  the  density  matrix  equation  acquires  a  temporal 
dependence.  The  set  of  equations  ( I)  now  takes  the  following  form 


‘*(t7+7q~  V.v)pao  =  \,  +  [H.p]aa  (7a) 

‘ft  (  V<*0  i(a'-a’fo)  +'  V>  V)  f>a0  ~  1H-P]a0  •  <7b) 


and  the  computation  of  the  quantum  mechanical  scattering  ampli¬ 
tudes  proceeds  along  the  same  line  as  shown  in  Figs.  (4).  (S).  and  (8) 
w  hile  keeping  the  time  of  the  interaction  in  the  proper  context.  In 
essence  of  this  approach  is  to  construct  the  required  excitation  by 
means  of  two  overlapping  pulses  (within  the  dephasing  time)  and 
time-delay  the  third  pulse  or  sequence  of  pulses.  The  generation  of 
the  sequence  of  signal  pulses  >  lelds  direct  information  on  ( he  charac¬ 
teristic  (e  g.,  energy  and  dephasing)  decay  rate.  In  the  case  of  a 
two-level  system.  Fig.  9  shows  the  required  sequence  of  fields.  The 
purpose  of  the  excitation  sequence  is  to  measure  the  energy  decay 
rate  of  the  population  grating  generated  by  the  interference  of  the 
forward  pump  and  probe  pulses.  Specifically,  the  population  grating 
generated  by  the  forward  pump  and  probe  pulses  at  time  t  =  0  will 


Fig  8.  Physical  diagrams  leading  to  the  calculation  of  tha  third-order 
response  in  tha  case  of  the  two- photon  coherence  generated  by  the 
counterpropagating  pump  waves. 


start  relaxing  with  an  energy  decay  rate 

I’  —  I  Tj.  i.e..  population  =  constant  e-1  1  .  iM 

The  sequence  of  backward  pump  pulses  examines  the  energy  decay 
phenomena  by  generating  a  sequence  of  signal  pulses 
n 

signal  a  V  e  *>  '  i  "  l9) 

i“ 


where  n  is  the  number  of  backward  pump  pulses,  t,  denote'  the  time 
of  action  of  the  ith  backward  pump  poise:  and.  as  an  example,  t,  is 
the  time  delay  between  the  creation  of  the  population  grating  and  the 
arrival  of  the  first  backward  pump  pulse. 

This  technique  was  used  in  the  measurement  of  the  collisionul 
relaxation  rates  of  the  5896  A  line  of  sodium  atoms,  using  nano¬ 
second  pulses.2'  In  this  experiment  a  buffer  gas  (argon)  was  intro¬ 
duced  in  the  sodium  cell.  For  the  case  in  which  the  forward  pump  is 
linearly  polarized  and  90c  cross  polarized  with  respect  to  the  back¬ 
ward  pump  and  probe,  it  was  found  that  phase-interrupting  colli¬ 
sions  dominate  over  velocity-changing  collisions.  A  similar  method 
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OOPPLER-FREE  LASER  SPECTROSCOPY 


Fig.  9.  A  tima  daiayad  Mt-up  for  moMuring  tf»  anargy  relaxation  rata. 


was  applied  to  the  study  of  the  mechanisms  of  energy  transport  in 
molecular  solids  by  using  picosecond  pulses.2*  Using  a  variation  of 
the  geometry  of  DFWM.  the  measurement  of  thermal  diffusion 
processes  and  electronic  lifetimes  were  also  made.  * 

In  the  case  of  three-level  systems.  Fig.  10  shows  the  required 
sequence  of  pulses  for  measuring  the  two-photon  dephasing  rates. 13 
Again,  the  simultaneous  action  of  the  counterpropagating  waves 
generates  a  two-photon  coherence  at  time  t  =  0.  The  two-photon 
coherence  relaxes  with  a  characteristic  time  T,;  i.e.. 

_  -IT-  (10) 

Two-photon  coherence  =  constant  e  ‘  '2 

A  time-delayed  sequence  of  probe  pulses  generates  a  sequence  of  signal 
pulses  which  provides  a  measurement  of  a  dephasing  time  T,.  i.e.. 

signal  q  V  e-1'  T:  (II) 

i“l 

where  the  notation  follows  as  before. 

As  mentioned,  this  technique  has  been  applied  to  the  measure¬ 
ment  of  the  two-photon  dephasing  rate  of  Na  in  the  presence  of 
collisions.1'  These  measured  pressure-broadened  coefficients  for 
neon,  helium,  and  argon  are  16  t  3  MHz  torr.  36  ±  3  MHz  torr. 
and  47  ~  3. MHz  torr.  respectively.  Its  application  to  the  molecular 
system  SFh  yielded  additional  information  concerning  the  intra¬ 
molecular  relaxation  processes. 111  It  was  found  that  the  collisionless 
dephasing  rate  was  0. 1 7  GHz.  Changing  the  pressure  of  SFft  did  not 
change  the  measured  rate. 

IV.  CONCLUSIONS 

We  have  shown  that  the  basic  physics  of  DFWM  provides  a  new 
technique  of  studying  the  atomic  and  molecular  spectra.  The 
Doppler-free  nature  of  the  generated  signal  in  the  steady -state 
regime  (cw  laser  sources)  allows  one  to  measure  various  atomic 
dephasingtimes  In  thetransient  and  time-delayed  regimes,  both  the 
energy  relaxation  and  dephasing  rates  can  be  measured  by  an 
appropriate  temporal  sequencing  of  the  input  pulses. 

In  our  discussion,  we  have  neglected  the  el  teas  ol  saturation  due 
to  high  intensity  pump  waves  Although  preliminary  experimental 
data  exist  in  that  regime,  little  is  understood  in  the  inhomogeneouxly 
broadened  system  Furthermore,  the  complications  due  to  tne  inter¬ 
action  length  and  >eli-iocusing  phenomena  serve  to  obscure  the 
basic  physics  of  '.he  nonlinear  response  As  yet  no  theory  exists 


VIA  DEGENERATE  FOUR-WAVE  MIXING 


Fig.  1 0.  A  tima  delayed  Mt-up  for  measuring  the  two-photon  coherence 
dephaeing  rats. 


which  describes  these  complications. 
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DOPPLER-FREE  LASER  SPECTROSCOPY 


Fig.  9.  A  tifTM  daiayad  Mt-up  for  moa auring  tha  onorgy  raiaxatton  rat*. 


was  applied  to  (he  study  of  (he  mechanisms  of  energy  transport  in 
molecular  solids  by  using  picosecond  pulses.2*  Using  a  sanation  of 
the  geometry  of  DFWM.  the  measurement  of  thermal  diffusion 
processes  and  electronic  lifetimes  were  also  made.-”’ 

In  the  case  of  three-le\cl  systems.  Fig.  10  shows  the  required 
sequence  of  pulses  for  measuring  the  two-photon  dephasing  rates.1' 
Again,  the  simultaneous  action  of  the  counterpropagating  waves 
generates  a  two-photon  coherence  at  time  t  =  0.  The  two-photon 
coherence  relaxes  with  a  characteristic  time  Ts.  i.e.. 

Two-photon  coherence  =  constant  e~*  T2 

A  time-delay  ed  sequence  of  probe  pulses  generates  a  sequence  of  signal 
pulses  which  prosides  a  measurement  of  a  dephasing  time  T:.  i.e.. 

signal  a  V  e-1’  T7  (ID 

i“l 

where  the  notation  follows  as  before. 

As  mentioned,  this  technique  has  been  applied  to  the  measure¬ 
ment  of  the  two-photon  dephasing  rate  of  \'a  in  the  presence  of 
collisions."  These  measured  pressure-broadened  coefficients  for 
neon,  helium,  and  argon  are  16  x  3  MHt  torr.  36  ±  3  MHz  torr. 
and47  r  3MHz  torr.  respectively.  Its  application  to  the  molecular 
system  SF*  yielded  additional  information  concerning  the  intra¬ 
molecular  relaxation  processes.1"  It  was  found  that  the  collisionless 
dephasing  rate  was  0. 17  GHz.  Changing  the  pressure  of  SF,,  did  not 
change  the  measured  rate. 

IV.  CONCLUSIONS 

We  base  shown  that  the  basic  physics  of  DFWM  provides  a  new 
technique  of  studying  the  atomic  and  molecular  spectra.  The 
Doppler-free  nature  of  the  generated  signal  in  the  steady-state 
regime  (cw  laser  sources)  allows  one  to  measure  various  atomic 
dephasing  times  In  the  transient  and  time-delayed  regimes,  both  the 
energy  relaxation  and  dephasing  rates  can  be  measured  by  an 
appropriate  temporal  sequencing  of  the  input  pulses. 

In  our  discussion,  we  have  neglected  the  ellccts  of  saturation  due 
to  high  intensity  pump  waves.  Although  preliminary  experimental 
data  exist  in  that  regime,  little  is  understood  in  the  inhomogeneously 
broadened  system  Furthermore,  the  complications  due  to  the  inter¬ 
action  length  and  seli-locusing  phenomena  serve  to  obscure  the 
basic  physics  of  the  nonlinear  response  As  yet  no  theory  exists 
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Fig.  10.  A  tint*  dalayad  Mt-up  (or  m— wring  th*  two-photon  cohoronco 
dophMing  rato. 


which  describes  these  complications 
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ABSTRACT  1 

2  2 

Noble  gas  collisions  on  the  3s  S^  "  3p  Pj^  transition  in 

sodium  are  studied.  Effects  of  collisions  on  fine  structure,  j 

hyperfine  structure,  and  velocity  are  considered  theoretically 

and  colli  si onally  enhanced  nonlinear  response  and  bandwidth 

effects  including  collisional  narrowing  are  demonstrated  j 

experimentally. 
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PRESSURE  INDUCED  EFFECTS  ON  CW  DEGENERATE 
AND  NEARLY  DEGENERATE  FOUR-WAVE  MIXING 

D.G.  Steel,  R.A.  McFarlane,  and  J.F.  Lam 

Hughes  Research  Laboratories 
3011  Malibu  Canyon  Road 
Malibu,  California  90265 
213-456-6411 

We  report  experimental  and  theoretical  studies  on  the  effect  of 

buffer  gas  collisions  with  sodium  atoms  using  nearly  degenerate  four-wave 

mixing  (NDFWM)  as  well  as  degenerate  four-wave  mixing  (DFWM)  using  the 
2  2 

3s  ^i/2  “  3p  P3/2  transition.  Our  work  demonstrates  collisional  narrowing 
of  the  pump-probe  detuning  bandwidth  in  NDFWM  and  collisional  enhancement 
of  certain  optically  pumped  hyperfine  components  in  DFWM. 

The  first  set  of  experiments  we  describe  involve  NDFWM  using  two 
cw  tunable  stabilized  dye  lasers  tuned  to  the  5890  A  transition.  In  the 
experiments,  the  backward  pump  (E^)  and  forward  pump  (E^)  are  supplied  by 
the  same  laser  and  are  arranged  to  be  exactly  counterpropagating.  The 
probe  is  supplied  by  a  second  dye  laser  and  is  nearly  collinear  with  the 
forward  pump  (0  <  1°).  In  an  earlier  paper,  we  reported  the  multi  resonant 
complex  spectral  structure  observed  in  Doppler-broadened  media  when  the 
probe  frequency  is  tuned  with  respect  to  the  pump  frequency.^  If  the  pump 
frequency  is  detuned  from  the  atomic  resonance  by  an  amount  A  and  6  is  the 
pump-probe  detuning,  then  we  find  two  resonances  as  the  probe  frequency  is 
adjusted  occurring  at  6  *  0  and  6  =  2 A.  The  first  resonance  has  a  width 
determined  by  T^  while  the  width  of  the  second  resonance  is  determined  by 
Tg  as  shown  in  Fig.  la.  Hence,  it  is  expected  that  collisions  should 
affect  these  two  resonances  quite  differently.  Indeed,  as  buffer  gas  is 
added,  we  observe  that  the  width  and  relative  amplitude  of  the  second 
resonance  changes  as  expected  due  to  dephasing  collisions  (Fig.  lb). 

However,  the  first  resonance  is  actually  observed  to  experience  narrowing. 

In  fact,  at  high  buffer  gas  pressures  when  A  a  0,  we  observe  that  the 
pump-probe  detuning  bandwidth  decreases  from  roughly  20  MHz  to  less  than 
10  MHz  (Fig.  lc). 

The  theoretical  work  to  describe  these  collisional  effects  in  NDFWM 
uses  a  collision  model  which  Includes  phase  Interrupting  collisions  affecting 
the  optical  coherence  and  velocity  changing  collisions  (vcc)  which  affect 
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the  populations.  The  phase  Interrupting  collisions  give  rise  to  pressure 

broadening  and  a  pressure  induced  shift  in  the  resonance  frequency.  Vcc 

lead  to  a  thermal izatl on  of  the  velocity  distribution  in  the  limit  of  the 

strong  vcc  approximation.  As  indicated  above  there  are  two  components  to 

the  phase  conjugate  signal.  The  first  one  (arising  from  the  v  *  0  velocity 

class)  is  strongly  affected  by  vcc  while  the  second  component  (arising  from 

the  uforwar(j  -  <*>0  -  k^*v  =  0  velocity  class)  is  not  affected  by  vcc  but 

undergoes  pressure  broadening  due  to  phase  interrupting  collisions.  In 

addition,  fine  structure  (fs)  changing  collisions  (i.e.,  ^2/2 

are  included  along  with  hyperfine  structure  (hfs)  changing  collisions  in 

3 

order  to  enable  quantitative  comparison  between  theory  and  experiment. 

In  the  absence  of  buffer  gas,  DFWM  experiments  in  soldi  urn  on  the 
o  4 

5890  A  transition  have  shown  the  importance  of  hfs  optical  pumping. 

There  are  six  dipole  allowed  hf  transitions  at  5890  A.  The  ground  state 
(2Sl/2>  1S  sPlit  lnt0  two  levels  with  Fs2  and  1  (where  F  is  the  total 
angular  momentum  quantum  number).  The  upper  level~-(2P3/,2)  1S  split  into 
four  hf  levels  (F  =  0-3).  Because  of  optical  pumping  usually  only  the 
2S1/2  (F  a  2)  -  2P3/2  (F *  3)  and  the  ZS1/2  (F*0)  -  2P3/2  (F*l)  transitions 
are  observed.  The  remaining  four  transitions  are  weak  since  optical  pumping 
removes  the  ground  state  population  from  the  desired  F  level  to  the  remain¬ 
ing  F  level  where  the  atoms  are  no  longer  resonant  with  the  laser  frequency. 

The  two  strong  transitions  (denoted  2-3  and  0-1,  respectively)  are  not 
optically  pumped  since  decay  from  F*  3  to  F  =  1  and  F  =  0  to  F  =  2  are  dipole 
forbidden.  However,  in  the  presence  of  buffer  gas,  the  above  behavior  is 
dramatically  affected  due  to  fs  and  hfs  changing  collisions  and  vcc.  'Our 
measurements  show  that  at  very  low  buffer  gas  pressures  (a  few  tens  of 
millitorr),  the  strength  of  the  2-3  transition  is  significantly  reduced 
while  the  normally  very  weak  signal  on  Sy2(F=l)  -  p3/2  ( F -  2)  transition 
is  enhanced.  We  presently  believe  that  in  the  first  case,  diffusion  coupled 
with  fs  and  hfs  changing  collisions  provides  a  strong  optical  pumping  effect 
resulting  in  a  significant  depopulation  of  the  F»2  ground  state.  As 
indicated  above  in  the  second  case,  normal  optical  pumping  depletes  the 
F *  1  ground  state.  However,  in  the  presence  of  buffer  gas  vcc  are  believed 
to  play  an  important  role  in  effectively  increasing  the  steady-state  population 
of  the  depleted  ground  state.  Experimental  data  to  support  these  explanations 
are  presented  for  various  buffer  gases. 
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The  analysis  of  these  effects  in  DFWM  is  based  on  both  a  simple 
rate  equation  model  and  a  more  detailed  density  matrix  calculation.  In 
the  first  case,  both  diffusion,  fs  and  hfs  changing  collisions,  and  vcc 
are  included  but  standing  wave  effects  are  ignored.  A  density  matrix 
calculation  is  also  described  where  standing  wave  effects  are  included. 

This  work  was  supported  In  part  by  the  Army  Research  Office, 
Contract  No.  DAA529-81-C-0008. 
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ABSTRACT 

Theoretical  and  experimental  results  are  presented  describing 
a  new  Doppler-free  spectroscopy  technique  using  two  wavelength 
4-wave  mixing  coupling  a  3-level  system.  Frequency  domain 
measurements  of  noble  gas  dephasing  cross-sections  are  made 
for  high  lying  states  of  sodium. 


COLLISION  STUDIES  OF  HIGHLY  EXCITED  ATOMIC  STATES 
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J.F.  Lam,  D.G.  Steel  and  R.A.  McFarlane 
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This  paper  describes  measurements  of  buffer  gas  collision  rates 
with  high  lying  atomic  states  in  sodium  using  a  new  Doppler  free  spectroscopy 
technique.  The  approach  uses  two  narrow  band  stabilized  tunable  dye  lasers 
at  frequencies  and  in  a  two  photon  four-wave  mixing  experiment.  With 
two  separate  wavelengths  we  are  able  to  eliminate  the  usually  large  inter¬ 
mediate  state  detuning  that  results  when  two  photon  resonant  degenerate 
four-wave  mixing  is  used  to  study  a  three  level  system.  By  appropriate 
geometry,  the  signal  in  our  approach  is  generated  by  a  pure  two-quantum 
excitation  with  no  stepwise  contribution.  We  are  thus  able  to  examine 
collision  physics  affecting  the  final  state  without  being  obscured  by 
intermediate  state  effects.  We  anticipate  that  this  technique  will  be 
extremely  powerful  in  investigating  collisional  effects  on  the  Rydberg 
series.  The  ability  for  this  technique  to  produce  large  signals  even  for 
collision  studies  of  highly  excited  states  overcomes  sensitivity  problems 
due  to  large  intermediate  state  detuning  using  degenerate  two-photon 
absorption.^  It  also  provides  an  important  laser  spectroscopy  measurement 
of  collisional  effects  giving  rise  to  broadening  and  level  shifts  in  the 

frequency  domain  in  contrast  to  earlier  measurements  of  broadening  in  the 

■  2  3 

time  domain  using  pulsed  lasers.  * 

The  analysis  begins  by  assuming  a  cascade  up  three  level  system. 

The  geometry  involves  a  backward  pump,  Eb,  at  frequency  (resonant  with 
the  first  transition  at  frequency  Wg-j )  and  a  forward  pump,  Ef,  and  probe. 

Ep,  at  frequency  fig  (resonant  with  the  second  transition  out  of  level  2  at 
frequency  u^g).  We  assume  that  the  forward  and  backward  pumps  are  arranged 
to  be  counterpropagating  and  the  probe  beam  is  nearly  col  linear  with  the 
forward  pump.  We  further  assume  that  the  level  energies  in  the  cascade-up 
three-level  system  are  given  by  E^  >  Eg  >  E^.  In  this  geometry  the  physical 
origin  of  the  signal  (which  is  nearly  counterpropagating  to  the  probe  wave) 
arises  from  a  four-wave  mixing  Interaction  generated  by  a  two-photon  coherence 
between  levels  1  and  3  Induced  by  the  simultaneous  interaction  of  E*  and  E,_. 
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In  collinear  geometry  the  resonance  condition  that  must  be  satisfied  in  order 
for  all  four  waves  to  interact  with  the  same  velocity  group  is  given  by 
~  u32  a  )  (ni  ““21^  Using  the  density  matrix  approach  and 

calculating  the  polarization  using  perturbation  theory  to  third  order  in 
the  fields^  we  find  in  the  Doppler  limit  the  frequency  response  is  a 
Lorent2ian  whose  linewidth  is  given  by  the  two-photon  linewidth  p]us 
a  normally  small  correction  factor,  (k2/k1  -  1)Y12,  which  under  certain 
conditions  gives  rise  to  subnatural  linewidths.5 

Effects  of  dephasing  collisions  are  included  phenomenologically  to 
the  density  matrix  by  adding  a  pressure  dependent  complex  parameter  to 
Yij  (i  f  j).  Hence  the  presence  of  buffer  gas  (in  the  form  of  ground  state 
noble  gas  perturbers)  will  broaden  and  shift  the  Lorentzian  profile,  enabling 
a  measurement  of  the  two  associated  dephasing  cross  sections. 

The  experimental  demonstration  of  this  interaction  was  made  in  atomic 
sodium.  Two  cw  narrow  band  dye  lasers  were  used  to  couple  the  3s  2S, -  3p2P_/? 
transition  (at  A  =  5890  A)  to  the  3p2P3/2  -  4d2D5/2  and  3p2P3/2  -  4d^D3/2  /C 
transitions  at  5688  H.  The  backward  pump  (at  5890  %)  was  held  fixed  while  the 
forward  pump  and  probe  (at  5688  A)  were  scanned  in  frequency.  An  example  of 
the  resulting  spectrum  is  shown  in  Fig.  1  along  with  a  simplified  energy  level 
diagram  of  the  transitions  involved. 

As  indicated  above,  using  this  technique  it  is  now  possible  to  examine 
dephasing  collisions  giving  rise  to  pressure  broadening  and  level  shifts. 
Experiments  were  conducted  by  Introducing  various  noble  gases  into  the  cell 
containing  sodium.  The  measurements  show  pressure  broadening  rates  for  helium, 
neon,  and  argon  in  good  agreement  with  those  obtained  in  previous  cw^nd  pulsed 
experiments.  ’  The  measured  line  shifts  were  to  the  red  with  comparable  cross 
sections  as  reported  by  Biraben  for  neon  and  argon  but  the  transition  shift  for 
helium  was-also  to  the  red  in  contrast  with  their  earlier  reported  results. 
Experimental  results  of  collisional  effects  on  the  Rydberg  series  (X^500A) 
will  also  be  described. 
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optically  inauced  two-photon 
coherence  as  observed  by  non¬ 
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High-rcsolution  spectroscopy  and  collision  studies  of  high-lying  atomic  states  using  four-wave  mixing 
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This  Communication  describes  a  novel  spectroscopic  technique  for  studying  high-lying  atomic 
states.  The  approach  uses  two  cw  narrow-band  stabilized  dye  lasers  configured  in  a  four-wave¬ 
mixing  geometry.  We  demonstrate  that  the  measurements  are  Doppler-free  and  the  method  is 
capable  of  high  resolution.  Using  this  technique  we  examine  the  complex  dephasing  parameter 
y ^  associated  with  buffer-gas  collisions  in  atomic  sodium.  Rates  for  pressure-induced  broaden¬ 
ing  and  resonance  shifts  are  reported  for  neon. 


We  present  experimental  results  describing  a  new 
nonlinear-spectroscopic  technique  which  we  have  ap¬ 
plied  to  high-resolution  spectroscopic  and  collision 
studies  of  high-lying  excited  atomic  states.  Using  two 
cw  narrow-band  tunable  stabilized  dye  lasers  in  a 
four-wave-mixing  (FWM)  geometry  we  are  able  to 
make  nonlinear  spectroscopy  measurements  of 
collision-induced  broadening  and  frequency  shifts. 
This  contrasts  with  earlier  measurements  in  the  time 
domain  using  pulsed  lasers.1*1  Furthermore,  by  using 
two  tunable  lasers  (at  frequency  ftj  and  ft2)  in  a 
three-level  system  we  avoid  signal-to-noise  problems 
associated  with  large  intermediate-state  detuning  in 
degenerate  two-quantum  absorption  when  atomic 
states  of  large  principle  quantum  number  n  are  exam¬ 
ined.1  The  geometry  assures  a  pure  two-quantum 
coherent  interaction  with  no  contribution  from  step¬ 
wise  excitation  characteristic  of  nondegenerate  two- 
photon  absorption  measurements.4  Hence,  collision 
measurements  reflect  interactions  associated  only 
with  the  upper  level  of  the  two-quantum  transition. 

A  density-matrix  calculation  of  the  interaction  was 
performed  with  the  assumption  of  the  geometry  and 
cascade-up  three-level  system  shown  in  Fig.  1.  The 
transitions  from  the  ground  state  to  the  intermediate 


state  and  from  the  intermediate  state  to  the  final 
state  are  assumed  to  have  resonances  at  frequencies 
oi  i  and  oi  2,  respectively.  Two  cw  monochromatic 
electromagnetic  waves  £»  and  Ef  (backward  and  for¬ 
ward  pump  beams)  at  frequency  ft|  and  fi2.  respec¬ 
tively,  are  assumed  to  be  counterpropagating  with 
respect  to  each  other.  It  is  assumed  that  ft,(ft2)  is 
tuned  near  oi|(o>2)  in  order  to  be  consistent  with  the 
rotating  wave  approximation  used  in  the  calculation. 

A  third  wave  E,  (the  probe  beam)  is  also  at  frequen¬ 
cy  02  and  is  nearly  collinear  with  £>.  These  three 
waves  act  to  induce  a  nonlinear  polarization  in  the 
medium  via  a  third-order  susceptibility.  This  polari¬ 
zation  gives  rise  to  a  nearly  phase-matched  signal  in  a 
direction  almost  counterpropagating  to  the  input  sig¬ 
nal  wave  E,.  Physically,  the  signal  arises  from  a 
Doppler-free  two-quantum  coherence  induced  by  the 
simultaneous  action  of  the  forward  and  backward 
pump  waves.  The  coherence  oscillates  in  time  at  the 
sum  frequency  of  the  two  pump  waves  ft  i  +  ft  2.  In 
the  presence  of  the  probe  wave,  this  two-quantum 
coherence  gives  rise  to  the  nonlinear  polarization. 

The  calculation,  using  the  density-matrix  approach,  is 
performed  using  perturbation  theory  to  third  order  in 
the  applied  fields.5  The  results  show  that  the  polari¬ 
zation  is  given  by 
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where  -  y(y,  +yj)  and  represents  the  linewidth 
associated  with  the  i -j  transition,  k,  -  ft  ,/c,  nv  is  di¬ 
pole  moment  of  the  i-J  transition,  u 0  is  the  thermal 
velocity,  -  ft2  -  uj.  and  Z  is  the  plasma  disper¬ 
sion  function  where  the  prime  denotes  the  derivative 
with  respect  to  its  argument.  From  this  expression 


the  resonance  condition  is  given  by  ft  2  -  w2 
-- (*2/k|)( ft i -&i,).  The  linewidth  is  the  sum  of 
the  two-photon  linewidth  and  a  small  correction  fac¬ 
tor  y\y+  (ki/k\  -  1  )yI2.  We  note  that  if  k}  is  less 
than  k ,  the  linewidth  will  be  less  than  the  two-photon 
linewidth,  providing  a  means  for  achieving  subnatural 
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FIG.  1.  Description  of  the  cascade-up  three-level  system 
and  related  geometry  for  studying  two-quantum  FWM  spec¬ 
troscopy.  E{  and  Eb  are  assumed  to  be  countcrpropagating. 
Eb  is  nearly  resonant  with  the  first  transition  at  frequency 
ui,  and  Ef  and  Ef  are  nearly  resonant  with  the  second  tran¬ 
sition  at  frequency  »2.  The  frequency  of  the  signal  produced 
by  the  two  quantum  nonlinear  interaction  is  given  by 

n,  +n2-n2-n,. 

linewidth  spectroscopy.6  The  correction  arises  be¬ 
cause,  in  the  moving  reference  frame  of  the  atom, 
the  perceived  change  in  the  laser  frequency  as  the 
laser  is  tuned  is  dependent  on  kh  This  magnification 
or  demagniftcation  of  the  actual  change  in  the  laser 
frequency  leads  both  to  the  linewidth  correction  and 
to  the  Ac, -dependent  resonance  condition. 

This  interaction  differs  from  earlier  nondegenerate 
two-photon  spectroscopy  because  there  is  no  stepwise 
contribution  to  the  polarization.  Hence,  assuming 
the  lower  level  is  a  ground  state  or  metastable,  the 
linewidth  is  determined  predominantly  by  the  upper- 
level  lifetime  with  a  very  reduced  contribution  from 
the  intermediate  state.  As  we  demonstrate  below, 
this  property  makes  this  spectroscopic  technique  very 
well  suited  for  collision  studies  of  high-lying  atomic 
states. 

The  above  expression  for  the  polarization  shows 
that  the  strength  of  the  signal  (in  the  small  signal 
limit)  depends  only  on  the  ground-state  to  inter¬ 
mediate-state  electric  dipole  strength  (/*»)  and  on 
the  Rabi  frequencies  given  by  iiyE/X.  Hence,  if  the 
various  n./E/X 's  are  held  constant,  the  signal  will  not 
decrease  as  transitions  to  higher  principle  quantum 
numbers  in  the  Rydberg  series  are  studied.  This  pro¬ 
vides  a  considerable  improvement  over  degenerate 
two-photon  absorption  spectroscopy  where  the  signal 
decreases  with  increasing  principle  quantum  number 
due  to  increasing  intermediate-state  detuning. 

An  experimental  study  of  this  type  of  nonlinearity 
was  performed  using  atomic  sodium.  Two  Coherent 
Radiation  Model  699-21  stabilized  cw  dye  lasers  were 
configured  for  the  interaction  indicated  in  Fig.  1 . 

One  laser  provided  the  backward  wave  and  was  tuned 
to  the  3s  JS|/j-3p  2P)/i  transition  at  589  nm.  The 
second  laser  was  tuned  to  the  }p  2 Dm. \n 

transition  at  568.8  nm.  Figure  2(a)  shows  a  simpli¬ 
fied  energy-level  diagram  for  these  transitions  in 
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FIG.  2.  (a)  Simplified  energy-level  diagram  for  atomic 
sodium.  The  hyperfine  splitting  in  the  ground  state  is  desig¬ 
nated  by  F  -  2  and  l,  and  the  fine-structure  splitting  in  the 
upper  level  is  designated  by  J  -  -j  and  (b)  An  example 
of  the  signal  produced  by  the  FWM  interaction  when  tl ,  is 
tuned  between  the  3s  JSt/2(F-2)-3p  2P W2(F-3)  transi¬ 
tion  and  the  3s  JS|/2(f-  l)-3p  J/>}/2(f“0)  transition. 


sodium.  The  hyperfine  splitting  is  shown  for  the 
ground  stale  but  is  omitted  in  the  intermediate  and 
upper  states.  In  the  experiments  the  frequency  of 
the  backward  beam  at  589  nm  is  held  fixed  while  the 
frequency  of  the  forward  pump  and  probe  is  scanned. 
Figure  2(b)  shows  a  typical  scan.  The  frequency  of 
the  laser  at  589  nm  has  been  adjusted  to  lie  between 
the  3s  2S|/2(2)-3p  J/*yj(3)  transition  and 
3s  JS|/2<  l)-3pJ/*y2(0)  transition.  The  number  in 
parentheses  represents  the  total  angular  momentum 
quantum  number.  The  signals  are  not  at  an  optimum 
level  under  this  condition  but  all  of  the  observed  res¬ 
onances  are  simultaneously  displayed.  The  two  large 
resonances  arise  from  transitions  terminating  on  the 
Din  state  and  are  separated  by  the  ground-state  hy¬ 
perfine  splitting.  Similarly,  the  two  weaker  reso¬ 
nances  terminate  on  the  Dm  state.  The  splitting 
between  the  adjacent  strong  Dm  line  and  the  weaker 
Dm  line  to  the  left  is  given  by  the  fine-structure 
splitting  of  the  4 d  2D  state.7  Intensities  for  each  of 
the  pump  waves  and  probe  waves  were  adjusted  to  be 
less  than  the  saturation  intensity  for  the  respective 
transition  in  order  to  avoid  power  broadening  and  ac 
Stark  splitting.  The  two-photon  linewidth  inferred 
from  the  A  coefficient  of  the  2D  state  is  3  MHz.  The 
observed  linewidth  is  6  MHz  consistent  with  the  rela¬ 
tive  laser  jitter  which  was  measured  independently. 

The  experiment  could  have  been  configured  dif¬ 
ferently  but  would  have  produced  significantly  dif¬ 
ferent  results.  Suppose  the  forward  pump  and  probe 
had  been  tuned  to  the  ground-state-to-intermediate- 
state  resonance  and  the  backward  pump  had  been 
tuned  to  the  intermediate-  to  upper- state  resonance. 
The  signal  produced  in  this  interaction  would  consist 
of  the  sum  of  a  two-quantum  interaction  as  above 
and  also  a  stepwise  interaction.  In  the  latter  interac¬ 
tion  the  forward  pump  and  probe  interact  simultane¬ 
ously  to  produce  a  spatial  modulation  of  the 
intermediate-state  population  similar  to  a  volume 
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FIG.  3.  Example  of  pressure  broadening  on  the  two- 
quantum  line  shape,  (a)  No  buffer  gas;  (b)  3.1  Torr  of 
neon  buffer  gas. 


hologram.  This  hologram  is  then  “read  out"  by  the 
backward  pump  which  sees  the  medium  as  a  spatial 
modulation  of  absorption  and  dispersion  at  a 
resonant  frequency  determined  by  the  intermediate- 
to  final-state  energy  separation.  A  slight  phase 
mismatch  occurs,  as  above,  because  the  frequency  of 
the  backward  pump  is  not  Bragg  matched  to  the  spa¬ 
tial  periodicity  of  the  forward  pump  and  probe  in¬ 
terference. 

To  demonstrate  the  usefulness  of  this  new  two- 
photon  spectroscopy  technique  we  have  measured  the 
pressure-broadening  rates  for  the  sodium  Ad  1D  j/j 
state  in  the  presence  of  buffer-gas  collisions.  In  the 
presence  of  buffer  gas,  optical  pumping  due  to 
hyperftne-  and  fine-structure  changing  collisions 
reduces  the  signal  considerably  in  atomic  sodium. 
However,  this  effect  was  minimized  and  strong  sig¬ 
nals  were  obtained  when  the  backward  pump  was  de¬ 
tuned  by  about  1800  MHz  to  the  low-frequency  side 
of  the  3r  JS,/2-3p  2Fj/}(3)  transition.  In  these  ex¬ 
periments  the  two-photon  linewidth  was  measured  as 
a  function  of  buffer-gas  pressure.  Shown  in  Fig.  3  is 
a  comparison  of  the  two-photon  linewidth  without 
buffer  gas  and  a  typical  pressure-broadened  linewidth. 
In  these  measurements  a  pressure-induced  frequency 
shift  was  also  observed.  Figure  4  shows  a  plot  of  the 
linewidth  as  a  function  of  bufTer-gas  pressure  using 
neon.  From  the  relationship  that  Avi/j-  Nouv/ir, 
where  Aim/}  is  the  full  width  at  half  maximum  of  the 
line  (in  Hr)  and  u  is  the  center-of-mass  thermal  velo¬ 
city  given  by  y/ikT/p.  ( n  is  the  reduced  mass),  we 
find  that  the  pressure-broadening  cross  section  for 
neon  is  380  ±  37  A1.  This  is  in  excellent  agreement 
with  previously  reported  measurements  (see  tabula¬ 
tion  in  Ref.  2).  Measurements  of  pressure¬ 
broadening  rates  for  helium  and  argon  have  also 


FIG.  4.  Measurement  of  the  pressure-broadened 
linewidth  as  a  function  of  neon  gas  pressure  for  the  4 4  state 
in  sodium. 


been  made  and  are  in  reasonable  agreement  with 
those  tabulated  in  Ref.  2.  More  precise  measure¬ 
ments  of  these  are  presently  being  made.  The  only 
measurements  of  pressure-induced  shifts  for  the  Ad 
level  of  sodium  that  have  been  reported  were  made 
using  degenerate  two-photon  absorption.1  Consistent 
with  the  measurements  reported  in  Ref.  3  we  have 
also  observed  red  shifts  for  both  neon  and  argon. 
However,  we  observed  a  red  shift  for  helium  as  well 
in  contrast  to  the  reported  blue  shift  found  by  Bira- 
ben.1 

These  experiments  show  the  viability  of  performing 
detailed  collision  experiments  on  higher-lying  n  states 
in  the  Rydberg  series  for  both  s  and  d  configurations. 
In  particular,  this  technique  will  provide  pressure- 
broadening  rates  from  measurements  in  the  frequen¬ 
cy  domain  using  cw  lasers  in  contrast  to  the  detailed 
work  of  Ref.  2  using  pulsed  lasers  to  make  the  mea¬ 
surements  in  the  time  domain.  Furthermore,  fre¬ 
quency  domain  measurements  enable  a  determination 
of  the  pressure-induced  frequency  shift  which  was 
not  possible  in  the  earlier  pulsed  measurements.1'2 
These  methods  will  enable  us  to  measure  the  asymp¬ 
totic  limit  of  the  cross  section  as  a  function  of  n  as 
was  done  in  the  pioneering  work  of  Fuchtbauer  and 
Shulz,'  who  used  classical  spectroscopy  techniques 
for  such  pressure-broadening  studies. 

This  work  was  supported  in  part  by  the  Army 
Research  Office  under  Contract  No.  DAAG29-81-C- 
0008. 
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A  theory  of  resonantly  enhanced  degenerate  four- wave  mixing  in  two-level  systems  in¬ 
cluding  the  effects  of  atomic  and  photon  angular  momentum  is  presented  in  the  absence  of 
pump-induced  saturation  of  the  transition.  It  is  shown  that  there  exist  three  distinct 
quantum-mechanical  amplitudes  leading  to  the  third-order  polarization  density.  These 
quantum-mechanical  amplitudes  are  shown  to  be  sensitive  to  the  states  of  polarization  of 
the  incident  fields.  The  quantum-mechanical  transport  equation  in  the  m  representation  is 
used  to  calculate  the  output  signal  in  the  various  regimes  of  laser  detuning,  atomic 
linewidth,  and  polarization  states  of  the  radiation  field  for  collinear  interaction. 


I.  INTRODUCTION 

The  phenomenon  of  degenerate  four-wave  mixing 
(DFWM)  has  been  a  popular  research  subject  re¬ 
cently  due  to  its  potential  application  to  laser  spec¬ 
troscopy,1  wave-front  compensation,2  and  signal 
processing.3  In  the  case  of  resonantly  enhanced  ex¬ 
citation,  degenerate  four-wave  mixing  provides  a 
powerful  tool  to  study  the  physical  properties  of 
atomic  and  molecular  systems.4  Pressure-broadened 
linewidths  have  been  measured  in  both  two-  and 
three-level  atomic  systems.3  Degenerate  four  mix¬ 
ing  shares  the  same  important  feature  with  saturat¬ 
ed  absorption  or  two-photon  spectroscopy,  i.e.,  it 
yields  Doppler-free  spectra.  Current  theories  have 
treated  the  atomic  system  as  having  nondegenerate 
energy  levels,  an  approximation  valid  only  for  the 
case  when  the  polarization  state  of  all  radiation 
fields  are  equal.  In  this  regime,  the  mechanism  for 
the  generation  of  the  signal  via  DFWM  arises  from 
spatial  modulation  of  the  population  difference.6 
However,  in  general,  real  atoms  possess  angular 
momentum  which  arises,  for  example,  from  spatial 
symmetry  of  the  potential  energy.  The  effect  of  the 
existence  of  angular  momentum  leads  to  the  viola¬ 
tion  of  the  assumption  of  nondegenerate  energy  lev¬ 
els.  In  this  case,  the  relative  orientation  of  the  po¬ 
larization  state  of  the  radiation  fields  leads  to  the 
existence  of  new  physical  mechanisms  giving  rise  to 
the  four-wave  mixing  signal. 7,6  The  same  mechan¬ 
isms  are  present  in  the  study  of  the  Zeeman  laser9 
and  polarization  spectroscopy.10  The  generalization 
of  quantum  levels  to  include  magnetic  degeneracies 
allows  the  possibility  of  studying  depolarizing  col¬ 
lision  effects  in  resonantly  enhanced  degenerate 
four-wave  mixing." 

We  present  in  this  paper  a  study  of  the  ampli- 
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tude,  polarization,  and  spectral  properties  of  the 
four-wave  mixing  signal  generation  by  the  nonlinear 
interaction  of  three  input  fields  in  a  resonant  two- 
level  system  with  degenerate  states.  In  Sec.  II,  we 
outline  the  approximations  and  model  used  in  the 
description  of  the  physics.  Section  III  presents  a 
qualitative  picture  of  the  fundamental  physics  that 
arise  owing  to  the  several  choices  of  electric  field 
polarization.  Section  IV  presents  a  detailed  calcula¬ 
tion  of  the  third-order  response  of  the  medium  in 
the  perturbation  regime,  i.e.,  the  intensities  of  the 
applied  and  generated  fields  are  assumed  to  be 
below  saturation.  Section  V  provides  illustrative  ex¬ 
amples  of  the  dependence  of  the  signal  on  the  rela¬ 
tive  orientation  of  the  input  field  polarization  states 
as  well  as  the  choice  of  angular  momenta  for  the 
energy  levels.  We  conclude  by  summarizing  the 
main  results  in  Sec.  VI. 


II.  APPROXIMATION  AND  MODEL 

We  shall  assume  the  following. 

(a)  The  radiation  field  can  be  described  in  the 
classical  picture  and  be  written  as 

E(F,r)=7  2f,«’lexpi'(B,i-i(l’f)+c.c.  , 

It 

(2.1) 

where  e„  is  the  unit  vector  describing  the  polariza¬ 
tion  state  of  the  field.  «f„  is  a  slowly  varying  en¬ 
velope  such  that 

|£„-V(r1,|  «*„!*,  |  .  (2.2) 

i and  k„  are  the  frequency  and  wave  vector, 
respectively.  QH  is  the  unit  wave  vector. 

(b)  The  atom  is  described  by  a  two-level  system 
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with  degenerate  states  (an  example  of  which  is 
shown  in  Fig.  1 ).  The  frequency  difference  between 
the  upper  and  lower  states  is  <u0 •  The  states  are  la¬ 
beled  by  its  total  angular  momentum  J  and  z  com¬ 
ponent  Mj  of  the  angular  momentum. 

(c)  The  interaction  of  radiation  with  the  quantum 
system  is  described  via  an  electric  dipole  coupling 
of  the  form 

K(F,r)=  — /T-E(r,/) ,  (2.3) 

where  jl  is  the  electric  dipole  moment  operator. 
The  interaction  process  is  near  resonant  so  that  the 
rotating-wave  approximation  is  valid  throughout, 

i.e., 


|  w,  -<uo  t  ««»  +0>0  ■  (2.4) 

(d)  The  lower  state  is  populated  initially  by  in¬ 
coherent  pumping  processes.  Relaxation  processes 
are  taken  into  account  via  effective  decay  rates. 
The  spontaneous  emission  processes  from  the  upper 
to  the  lower  state  are  neglected  in  our  description. 
The  inclusion  of  such  processes,  which  leads  to  op¬ 
tical  pumping  phenomena,  necessitates  a  more  ela¬ 
borate  description  of  the  response  of  the  medium  as 
observed  by  Omont.12  This  work  does  not  take  into 
account  the  effects  of  optical  pumping. 

Taking  these  assumptions  into  account,  the 
density-matrix  equations  which  described  the 
response  of  the  medium  to  external  fields  are  given 
by  the  following.7 


Population: 

*1 

atomic  coherences: 


(2.5) 

(2.6) 


PJt¥t>*\"imPJ\"iJ&i  : 

Zeeman  coherences: 


(2.7) 

(2.8) 


lri+v-f|  PjlMijltt\ 


-  m  £ f  Vj\*\ 


I - 


(2.9) 

(2.10) 


J?  lMJl  > 


flCURVOl* 


where  v-7  describes  the  effect  of  atomic  motion 
and  gives  rise  to  such  effects  as  Doppler  shifts  and 
spatial  hole  burning.  A.t(v)  is  the  velocity- 
dependent  incoherent  pumping  rate  to  level  |J|>. 
Y,  and  y'm  are  the  effective  decay  rates  of  the  popu¬ 
lation  and  Zeeman  coherence,  respectively.  Yn  >* 
the  effective  linewidth  of  the  transition 
A=<u— <u0  is  the  laser  detuning 
from  resonance.  Also, 


FIG.  1.  Two-level  system  with  degenerate  states  as  a 
model  of  a  resonant  transition.  a>o  is  the  transition  fre¬ 
quency,  and  Ja  and  Ma  are  the  total  and  Z  projection  of 
the  angular  momentum  of  level  a,  respectively.  Pj{mxj1m1  ~Pjxm  (2.12) 


K/,«,  JjMj  =  -  7  Uy, M,  J,Mj  •  2  9 


(2.11) 


9 


9 
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We  have  used  the  simplified  notation  that  given  any 
operator  D, 

=  (2.13) 

is  the  matrix  element  of  J  between  states  [J\M\) 
and  i The  set  of  equations  (2.5) -(2.10) 
describe  the  response  of  the  medium  to  external  ra¬ 
diation  fields. 

The  geometry  of  the  interaction  process  is  chosen 
to  be  collinear,  i.e.,  the  input  and  generated  waves 
propagate  along  a  line  (Fig.  2).  The  input  fields 
consist  of  the  forward  pump  4  f,  backward  pump 
&!,.  and  the  probe  6p.  The  generated  field  is  denot¬ 
ed  by  the  signal  if,.  We  shall  be  interested  in  those 
terms  for  which  the  phase  of  tf,  is  the  complex 
conjugate  of  6 f.  One  should  note  that  in  the  fully 
collinear  geometry,  there  are  additional  waves  that 
will  not  be  considered  in  this  worku  and,  in  princi¬ 
ple.  they  can  be  isolated  by  choosing  a  nearly  col¬ 
linear  geometry.  Ducloy  and  Bloch14  showed  that 
the  nearly  collinear  assumption  is  valid  provided 
that  9  <  2y/ku0  (natural  linewidth/Doppler  width). 
For  the  case  of  sodium  atoms  confined  to  a  cell  at 
room  temperature,  the  acceptance  angle  9  is  0. 1*. 


III.  PHYSICAL  PICTURE 

We  shall  consider  the  physical  picture  of  the  non¬ 
linear  interaction  process  in  both  the  lower  and 
upper  level  of  the  quantum  system.  Each  level  will 
be  characterized  by  its  effective  energy  decay  rate 
Yj  to  the  reservoir.  The  discussion  to  be  followed  is 
valid  for  any  of  the  two  energy  levels. 

First,  consider  the  choice  of  polarization  state  of 
the  radiation  fields  illustrated  in  Fig.  3.  The  elec¬ 
tric  dipole  selection  rule  implies  that  only  =  +  1 
transitions  are  allowed  with  <7+  polarization.  There 
exist  two  distinct  physical  contributions  to  the  gen¬ 
erated  signal  6,.  The  first  one  arises  from  a  spatial 
modulation  of  the  population  in  magnetic  state 
M  +  l  of  level  I J2 )  generated  by  the  interference  of 
the  forward  pump  if  and  probe  6 p.  The  coherent 


FIG.  2.  Interaction  geometry.  4 f  and  4  »  form  a  set 
of  counterpropagating  waves.  Resonant  medium  is  com¬ 
posed  of  a  set  of  two-level  systems. 


FIG.  3.  Quantum-mechanical  path  giving  rise  to  the 
normal  population  mechanism. 


scattering  of  the  backward  pump  Wb  off  the  spatial 
modulation  yields  a  signal  field  if,  with  polariza¬ 
tion  state  <7+.  The  second  contribution  arises  from 
the  spatial  modulation  generated  by  the  backward 
pump  if  h  and  probe  if,,  and  the  coherent  scattering 
is  performed  by  the  forward  pump  if /.  Again,  the 
polarization  state  of  the  generated  signal  is  identical 
to  the  forward  pump,  i.e.,  cr+  radiation.  Since  both 
physical  contributions  involve  the  generation  of  po¬ 
pulation  and  scattering  dynamics  between  only  two 
magnetic  states,  we  shall  denote  this  type  of  physi¬ 
cal  mechanism  as  normal  population. 

Consider  now  the  choice  of  polarization  state  il¬ 
lustrated  in  Fig.  4.  There  exist  two  additional  dis- 


FIG.  4.  Two  quantum-mechanical  paths  giving  rise  to 
the  cross-population  and  Zeeman-coherence  mechanisms. 
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tinct  physical  contributions.  The  first  one  arises 
from  the  generation  of  a  spatial  modulation  of  the 
population  in  the  M  + 1  state  of  level  |  J1  >  via  the 
interference  of  the  forward  pump  if/  and  probe  #f. 
However,  the  coherent  scattering  of  the  backward 
pump  if*  proceeds  along  a  different  channel.  It  ex¬ 
cites  an  optical  coherence  between  |  + 1 )  and 

|J,A/+2>  which  generates  a  a _  radiation  field. 
Since  it  couples  a  different  channel  we  shall  denote 
this  physical  mechanism  as  cross  population  [Fig. 
4(a)].  The  second  physical  mechanism  arises  from 
the  generation  of  a  spatial  modulation  of  the  Zee- 
man  coherence  between  |  —  I )  and  |  J,M  + 1 ) 

by  means  of  the  action  of  the  backward  pump  S’* 
and  probe  if,.  The  coherent  scattering  of  the  for¬ 
ward  pump  iff  yields  a  signal  whose  polarization 
state  is  <r_  [Fig.  4(b)].  It  should  be  noted  that  the 
generated  signal  for  this  case  has  a  polarization 
state  which  is  the  complex  conjugate  of  the  polari¬ 
zation  state  of  the  probe.  We  shall  denote  this 
physical  mechanism  as  Zeeman  coherence. 

In  the  collinear  geometry,  these  three  physical 
mechanisms  share  an  important  property.  They 
yield  a  Doppler-free  spectrum  for  the  generated  sig¬ 
nal  if  the  resonant  medium  is  Doppler  broadened. 
To  understand  this  characteristic,  let  us  consider 
the  dynamics  of  the  interaction  of  moving  atoms 
with  die  external  radiation  fields.  The  generation  of 
the  spatial  modulation  of  either  the  population  or 
Zeeman  coherence  involves  the  excitation  of  the 
quantum  system  by  means  of  the  pump  9n 
(n  =f,b)  and  the  probe  8f.  In  the  language  of 
Doppler  shifts,  the  resonance  conditions  for  the 
generation  of  the  spatial  modulation  are 

«u— o»0—  k„  •  v  =0  ,  (3.1) 

a)-GJo-k,  v  =0  .  (3.2) 

The  coherent  scattering  of  the  other  pump  wave, 
which  generates  the  signal  wave,  yields  the  reso¬ 


nance  condition 

o— a>o+k,-v=0  .  (3.3) 

In  writing  Eq.  (3.3)  we  used  the  assumption  of 
counterpropagating  pump  waves,  i.e.,  k/  +  k*=0. 
The  velocity  group  that  satisfies  the  resonance  con¬ 
dition  (3.1),  (3.2),  and  (3.3)  are  those  with  v=0. 
Hence  the  spectrum  of  the  generated  signal  is  a 
Lorentzian  centered  at  the  transition  frequency  eo0 
and  its  width  is  determined  by  the  natural  or 
collision-broadened  linewidth. 


IV.  NONLINEAR  RESPONSE  OF  THE  MEDIUM 


The  medium  response  is  determined  by  the  polar- 
ization 

P(F,f)=  f  d3etr[p(F,v,f)jf] ,  (4.1) 

*  “• 

where  p  is  the  density  matrix  satisfying  the  evolu¬ 
tion  equations  (2.5)— (2.10)  in  the  case  of  two-level 
systems  with  degenerate  states,  and  /T  is  the  electric 
dipole  moment  operator.  The  integration  over  velo¬ 
city  takes  into  account  the  averaging  over  the  ran¬ 
dom  motion  of  the  atoms.  We  shall  assume  that 
the  system  is  in  thermal  equilibrium  and  is 
described  by  the  velocity-distribution  function 


JF(?)= 


1 


3/2  _  , 


(4.2) 


where  u0=*(2ktT/m  )l/2,  kt  is  the  Boltzmann's 
constant,  T  is  the  equilibrium  temperature,  and  m  is 
the  mass  of  the  atom. 

In  the  unsaturated  regime,  the  polarization  (4.1) 
is  obtained  by  means  of  the  perturbation  solution  of 
the  density-matrix  equations  (2.5)— (2.10).  A  set  of 
perturbation  chains,  which  identifies  the  three  dis¬ 
tinct  physical  mechanisms  discussed  in  Sec.  Ill  can 
be  written  in  the  following  manner. 


Normal  population; 


jot 

PlxMxJx*x 


s"' 

„<2> 

P*i" 

p{JyMlJ{UX 

a*3’ 

Pjjm1jim[ 

(4.3) 


cross  population : 


_io> 


S11' 


_U) 


„121 

p*\*\j  i*r 


n*3' 

Ph**\  ■>,!* 2 
Ph*x->x"\ 

j5<J> 

s'3' 


(4.4) 


» 
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Zeeman  coherence: 


-'VI 

A/,*,./,.*,-* 


s'" 

*'2*1-',*, 


J  2, 

Pj2u-2j2u}- 


Pj2u2j1mj 

PjlM1JlMl 


(2, 


3°' 

P2,*,J,*, 

PJlM1JlUl 


(4.5) 


where  the  superscript  denotes  the  order  of  the  per¬ 
turbation  parameter  which  is  given  by  the  Rabi  fre¬ 
quency  j?  E/h.  The  primed  superscript  indicates 
the  case  for  which  M 

If  the  input  radiation  Helds  are  in  arbitrary  polar¬ 
ization  states,  then  one  can  decompose  them  in 
terms  of  o+  and  <r_  components  and  apply  the 
three  basic  physical  contributions  (4.3)  to  (4.5)  in  or¬ 
der  to  generate  the  nonlinear  polarization  (4.1). 
Hence,  it  is  necessary  to  know  the  strength  and 
spectral  behavior  of  each  physical  chain. 

An  intuitive  approach  can  be  presented  to 
describe  the  essence  of  the  spectral  behavior  of  the 
normal  population,  cross  population,  and  Zeeman- 
coherence  terms.  The  basic  dynamics  of  absorption 
and  reemission  processes  are  necessarily  the  same 
for  all  three  mechanisms  since  they  are  insensitive 
to  the  angular  momentum  of  the  atomic  species. 
However,  the  strength  of  the  interaction  in  the  pres¬ 
ence  of  foreign  perturbers  is  not  the  same  for  the 
population  (normal  or  cross)  and  Zeeman  -coherence 


I - - - 

contributions.  In  the  case  of  the  population,  no 
changes  in  the  projection  of  the  angular  momentum 
is  involved,  i.e.,  collision  effects  on  the  population 
are  simply  visualized  as  an  effective  decay  rate  ac¬ 
companied  by  changes  in  velocity.  However,  col¬ 
lision  effects  on  Zeeman  coherence  involves  the 
dynamics  of  changes  of  the  projection  of  the  angu¬ 
lar  momentum  of  the  system.  Hence,  in  general, 
the  pressure  broadening  contributions  to  the  popula¬ 
tion  and  Zeeman -coherence  term  acquire  different 
magnitude  and  are  reflected  in  part  by  the  effective 
energy  decay  rate  y„  and  Zeeman  dephasing  rate 
y'm.  In  the  absence  of  foreign  perturbers,  the  Zee- 
man  dephasing  rate  y'm  must  be  given  by  the 
spontaneous-emission  rate  P  which  is  the  same  as 
the  energy  decay  rate  in  the  collisionless  regime. 

A  direct  application  of  the  perturbation  chains 
(4.3)  to  (4.5)  yields  the  following  expression  for  the 
polarization  contribution  to  the  degenerate  four- 
wave  mixing  signal: 


P(  r ,f  )  =  (S y  +  Sq  +Sz  )ff &  4”Jexp Hot  +  k^  •  F7  , 
where 

$JV  22 

+  X  X^A.I|*|  J;*2‘^/^A/jAr2V,*,'e£ +(bw*/) 

*>  *2 


is  the  contribution  due  to  the  normal  population  mechanism, 


V> 


S*~*V  X  X  X^r,*,  J,*,  •«?  MfT/,*, 

*,•*',  ** 

+  R/f  X  X(^|M,J2*2'f/)<^-'2*2-',*,'^)<*/l«,^,«J  + 

.Wj.Af'i  *, 

*2**i 

is  the  contribution  due  to  the  cross  population  mechanism,  and 


(4.6) 


(4.7a) 


(4.7b) 
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is  the  contribution  due  to  the  Zeeman-coherence  mechanism. 

The  frequency-dependent  factor  is  defined  as 


XlT'= — ~  f“  dVW(v) - - - - ■---■+ - — - 

v  (2/X)J  yI2+/(A+ k,*v)  y124-/(A  —  k„-v)  y12— »(A— k^-v) 


X  - = — = -  ,  n  =  f,b  and  m  =1,2 

ym+«(k,-k.)-V 


X£’— Rif"'  if  Ym—Vm  . 

and  for  the  case  of  collinear  interaction,  it  reduces  to  the  following  expression: 

I r.— T7-1 — — .tt  I— r-L - -  Izl^  I- 


1 

1 

iy,2-A 

•J 

•Ym 

(l+e)(yi2-H'A) 

r«,-(i-«Mri2+iA) 

4 

ku0 

—  4 

(1-E>fcu0 

_ e _  _  <ru-A  _  iym 

y„+(l-«Kyu+/A)  (l -€)fcu0 


1 

1 

7 

iy,2-A 

•Ym 

2/A 

y*-(I-eKyi»+/A) 

mm 

ku  o 

(1—  e)fcu„ 

_ 1 _  _  ^11  +  *  -  ‘Ym 

Ym—  <1—  *Myi2— i  A)  ku0  U—  €)k«0 


where  e=  -+•  1  if  n*/  and  e=  —  1  if  n«h. 
Z(a-fib)  is  the  plasma-dispersion  function.  Ex¬ 
pression  (4.8)  is  valid  over  all  regimes  of  detuning 
and  linewidth,  from  homogeneous  to  Doppler- 
broadened  quantum  systems. 

Let  us  consider  the  frequency  dependence  of  r£' 
in  the  following  regimes. 

(a)  Y\i<  Ym  xx)  A»fc«o-  These  conditions  are 
satisfied  by  a  homogeneously  broadened  system,  so 
velocity  effects  play  no  role  in  determining  the  form 
of  R£\  i.e., 

JL 

(2/#)1  r«  rjj+A  m+i* 

(b)  y,2  and  A»fcu0  but  Ym  <*u0.  These  condi¬ 
tions  imply  that  the  frequency  dependence  of  r£' 
will  not  be  affected  by  the  effect  of  atomic  motion. 
However,  the  strength  of  the  signal  is  determined  by 
the  ratio  of  y„/U -e)ku0.  This  conclusion  reflects 
the  fact  that  atomic  motion  can  lead  to  the  destruc¬ 
tion  of  the  spatial  grating  generated  by  the  interfer¬ 


ence  of  if,  and  9p}h  In  this  case, 

A.*.  *o  *Yn  ! 

"  (2/*)J  y?z+AJ  yu+iA 


X~~Z 

iku0 


•Ym 

(1  -f)ku0 


and  one  can  show  that  ratio  of  X^ ?’  to  X}™’  is  given 
by 


(c)  Y\2<  Ym »  and  A  «ku0.  These  conditions  are 
satisfied  by  an  extreme  Doppler-broadened  system. 
In  this  regime  velocity  effects  play  a  substantial  role 
in  determining  the  frequency  dependence  and  am¬ 
plitude  of  8.1.  In  particular, 


Rm^JZs. _ 

/f  <2 ifi)}  ymkun(ytl+iA) 


(4.11a) 
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Kta  — 


Np  v'ir 
(2i*)J  ( ku0 )3  ' 


(4.11b) 


Furthermore,  the  ratio  of  R{£]  to  R/"1  at  A=0  is 
given  by 


YmYn^kuo)1 


which  reflects  the  fact  that  the  contribution  of  the 
spatial  interference  generated  by  fb  and  ifp  is 
negligible  compared  to  the  one  generated  by  € f  and 
#p,  i.e.,  atomic  motion  leads  to  a  washout  of  the 
grating  generated  by  £b  and 
Now  consider  the  properties  of  the  polarization 
states  e,  of  the  generated  signal  for  a  given  set  of 
polarization  states  of  the  input  fields.  In  the 
SVEA,  the  evolution  of  if,  is  governed  by 


J 


<f,=/-^/<f/rftif;^(S.v+Sc+Sz>  ,  (4.12) 

*C€ o 

where  /  is  the  nonlinear  interaction  length.  We  have 
assumed  that  absorption  effects  are  negligible  (ab¬ 
sorption  coefficient  multiplied  by  /  is  much  less 
than  1).  The  polarization  state  of  if,  depends  only 
on  the  couplings  of  the  matrix  elements  of  the  di¬ 
pole  moments  with  the  polarization  states  radiation 
fields.  This  coupling  reflects  the  fact  that  there  are 
three  distinct  quantum-mechanical  paths  leading  to 
the  third-order  polarizations  as  discussed  in  Sec.  III. 
Furthermore,  the  couplings  depend  only  on  the 
magnitude  of  the  angular  momenta  J\  and  J2,  and 
the  dipole  moment  for  transition.  They  are  given 
by  the  following. 


Normal  population: 
*1*2 

cross  population : 

Mj.M'.m; 

Zeeman  coherence : 

*!■*:•*; 


(4.13) 

(4.14a) 

(4.14b) 

(4.15a) 

(4.15b) 


where  we  have  used  the  fact  that 

£-s0=  i  2 

with  a  =  iV,  C,  or  Z  and  noting  that  /*"=/*'  =  /*. 
The  quantities  7^'  depend  on  the  total  angular  mo¬ 
ments  J\  and  J2  as  well  as  the  electric  dipole  mo¬ 
ment  of  the  transition.  //'  can  be  calculated  to 
yield  exact  analytical  expressions  given  specific 
choice  of  input  field  polarization  states,  which  will 
be  the  subject  of  the  next  section.  Expression  (4.12) 
can  be  rewritten  as 


r,=i^-i#f#b*;2  i  2  • 

"■f0  a  0.1*./ 

(4.16) 

Equation  (4.16)  together  with  Eqs.  (4.8)  and 
(4. 1 3)  -  (4. 1 5)  are  the  main  results  of  this  paper. 

V.  EXAMPLES 

We  shall  consider  several  choices  of  the  relative 
orientation  of  the  radiation  field  polarization  states 
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for  the  case  of  optical  transition  J\  =J—J2  =J  +  1. 
Generalization  to  the  other  cases  /,  =J—J2  =J  and 
J\  =7+  are  straightforward  and  the  re¬ 

sults  will  not  be  given  here.  We  shall  decompose 
the  polarization  states  in  terms  of  the  circularly  po¬ 
larized  components 

a+=+(x  +  iy)/v/2 
and 

a  =  (x  —iy)/v/2  . 

This  representation  corresponds  to  the  choice  of  the 
quantization  axis  along  the  propagation  path. 

The  quantities  / contain  a  combination  of  four 
inner  products  of  the  dipole  moments  operator  with 
the  polarization  state  of  the  radiation  fields.  The 
decomposition  into  circularly  polarized  components 
together  with  the  selection  rules  for  electric  dipole 
transition  lead  to  the  result  that  there  exists  only 
three  possible  components  of  I1/'  which  are  finite  in 
magnitude.  They  are 

)(/T-(Tf  ){fi-a± )( jZ-O; ) , 

(i£a±  )( /T-<r? )( fia± ) . 

and 

In  writing  these  terms,  we  have  assumed,  for  sake 
of  simplicity,  that  the  represents  matrix  elements 
and  the  order  of  appearance  of  the  inner  product  is 
preserved  as  they  are  shown.  The  finite  magnitude 
of  these  three  terms  results  from  the  requirement 
that  the  initial  and  final  quantum  states  for  the  sig¬ 
nal  generation  process  must  be  identical,  i.e.,  the  ex¬ 
pectation  value  of  the  electric  dipole  moment  opera¬ 
tor  is  the  trace  of  the  product  of  the  density  opera¬ 
tor  and  the  electric  dipole  moment.  The  existence 
of  only  these  three  terms  is  consistent  with  the  fact 
that  the  third-order  susceptibility  tensor  in  an  iso¬ 
tropic  medium  has  three  independent  components." 
To  remind  the  reader  once  more  that  these  three 
terms  correspond  to  the  three  quantum-mechanical 
amplitudes  discussed  above.  The  quantities 

are  given  in  terms  of  the  reduced  matrix  elements 
and  the  Clebsch-Gordon  coefficients.19  The  reader 
is  referred  to  Ref.  19  for  details  of  the  computation. 


Example  1.  Consider  the  case  where  the  polariza¬ 
tion  states  of  all  the  input  fields  are  o+.  Then  the 
physical  mechanism  giving  rise  to  the  four-wave 
mixing  signal  is  due  to  normal  population.  The  sig¬ 
nal  field  is  given  by 

2  b 

S,=i^-lVfWbirfF(J)  2  2  R'v  ’  (5-1) 

p-lnmf 

where 

F(J)= t  2  \U  +  \M-\\n\JM)\A  . 

M--J 

The  polarization  state  of  the  four-wave  mixing  sig¬ 
nal  is  a+. 

Example  2.  Consider  the  choice  of  polarization 
states  such  that 

ej=a  +=ep  and  eh—a_  . 

Then  the  mechanisms  are  cross  population  and  Zee- 
man  coherence.  The  signal  field  is  given  by  (in  the 
absence  of  foreign  perturbers) 

»,=i^l9f»b^p[G{J)(R/p+R^ 

+mj)(R£'+Rg')) , 

where 

G(J)=  7  2  |  <y  +  \M  |  p  \JM  —  1  >  | 2 

m  —  —J  —  1 

X  |U  +  1A/|M|/A/  +  I>|2 

and  ^ 

HU)=  7  2  \U +  -\\f\JM)]1 

M  ~-J 

X  |  </  +  lAf  + 1  |  /r  |  JM  >  | 2  . 
The  polarization  state  of  the  four-wave  mixing  sig¬ 
nal  is  <7_. 

For  an  inhomogeneous  medium  in  the  extreme 
Doppler  limit,  the  contribution  due  to  the  Zeeman 
coherence  is  negligible  due  to  atomic  washout  of 
R^.  Hence,  it  is  possible  to  isolate  the  cross- 
population  term.  One  can  choose  the  case  for 
which  er=a+=eb  and  ef—a_  which  leads  to  the 
isolation  of  the  Zeeman  coherence  component  in  the 
extreme  Doppler  limit. 

Example  3.  Now  consider  the  case  for  which 
ef=x=eb  and  ep  =jr.  For  this  choice  all  three 
physical  mechanisms  contribute  to  the  signal  field, 

i.e., 


J 


#,=‘^*fSb**r\[\GU)-±LU)+{\i(J)}(R$+Ry) 

+  [7GV)-7L’(y)+7A/'(y)](R^'-)-/l^,)|  . 
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where 

L(J)= 7  2  (\U  +  \M\ti\JM  +  U\*+\U  +  lM\fi\JM-\)\*), 

MU)=  7  2*  (|</  +  lW|M|/jV/  +  l>|J|<y  +  lM+2|M|/A/  +  l>!2 


The  prime  quantities  can  be  obtained  from  the 
unprimed  quantities  by  the  following  transforma¬ 
tion:  (1)  interchange  M  with  M  +  1  inside  the 
parentheses  and  (2)  change  the  summation  limits 
from  +./+ 1  to  +J.  Unlike  the  previous  example 
where  the  polarization  characteristics  yield  positive 
definite  quantities,  we  can  find  choices  of  angular 
momenta  such  that  6 ,  =0. 

One  finds  that  for  transitions  J  =0— */  =  l  and 
J  —  1  — ►/  =  1,  the  three  quantum-mechanical  ampli¬ 
tudes  add  up  to  give  a  total  cancellation  of  the  sig¬ 
nal.20  This  prediction  has  been  confirmed  in  degen¬ 
erate  four-wave-mixing  experiments  in  sodium  va¬ 
por,7  involving  a  single-photon  excitation  of  the  D  2 
line.  The  laser  was  tuned  to  the 

32S1/2(F=11— 32f>V2(F=0) 

transition.  With  the  choice  of  polarization  states  of 
the  radiation  field  as  presented  above,  no  signal  was 
observed  in  the  detector. 

VI.  CONCLUSION 

We  have  presented  a  description  of  the  three 
quantum-mechanical  amplitudes  or  nonlinear  opti¬ 
cal  coherences  responsible  for  the  signal  generated 
in  a  degenerate  four-wave-mixing  process.  The  am¬ 
plitudes  correspond  to  the  distinct  excitation  paths 
that  a  set  of  three  arbitrarily  polarized  radiation 
fields  can  interact  with  a  quantum  system  whose 
Hamiltonian  is  spherically  symmetric.  In  the  col- 


I 

linear  geometry,  we  found  that  in  the  extreme 
Doppler  limit  the  spectral  response  of  the  signal  is 
Doppler  free.  This  property  together  with  the  in¬ 
herently  high  signal-to-noise21  makes  the  degenerate 
four-wave  mixing  a  powerful  tool  for  the  studies  of 
atomic  and  molecular  spectra.  With  the  choice  of 
polarization  states  such  that  the  counterpropagating 
pump  fields  are  linearly  copolarized  and  the  probe 
field  is  cross  polarized,  we  found  that  the  generated 
signal  is  null  for  electric  dipole  transitions 
J=\—*J  =0  and  J—  1— ►/  =  1  (in  the  absence  of 
buffer  gases).  This  effect  arises  from  a  complete 
cancellation  of  the  sum  of  the  quantum-mechanical 
amplitudes  providing  a  unique  approach  for  the 
studies  of  collisions  in  these  transitions?1  And  last, 
we  also  showed  that  it  is  possible  to  isolate  each  of 
the  quantum-mechanical  amplitudes  by  an  ap¬ 
propriate  selection  of  the  polarization  states  of  the 
radiation  field  in  the  inhomogeneously  broadened 
regime. 
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21The  generated  signal  in  degenerate  four-wave-mixing 
processes  is  background-free  contrary  to  saturated  ab¬ 
sorption  techniques  [see  V.  S.  Letokhov  and  V.  P.  Che- 
botayev,  Zh.  Eksp.  Teor.  Fiz.  Pis'ma  Red.  2,  364 
(1969)  [JETP  Lett.  2,  215  (1969)];  R.  A.  McFarlane, 
W.  R.  Bennett,  Jr.,  and  W.  E.  Lamb,  Jr.,  Appl.  Phys. 
Lett.  2,  189  (1963)]  where  one  measures  small  changes 
in  the  absorption  coefficient. 
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Collisionaily  Induced  Narrowing  of  the  Longitudinal  Relaxation  Linewidth 
in  Nearly  Degenerate  Four-Wave  Mixing 

J.  F.  Lam,  D,  G.  Steel,  and  R.  A.  McFarlane 
Hughes  Research  Laboratories,  Malibu,  California  90265 
(Received  19  July  1982) 

This  paper  reports  the  observation  of  collisionaily  induced  spectral  narrowing  of  the 
longitudinal  relaxation  linewidth  with  use  of  the  nearly  degenerate  four-wave  mixing 
process.  A  theoretical  model,  which  takes  into  account  strong  velocity- changing  col¬ 
lisions  for  the  population  aad  phase-interrupting  collisions  for  the  optical  coherence, 
leads  to  a  good  qualitative  understanding  of  this  new  effect. 

PACS  numbers:  34.90.  +  q,  42.65.Cq 


This  communication  describes  the  first  observa¬ 
tion  of  a  collisonal  narrowing  of  the  longitudinal 
relaxation  linewidth  which  we  observe  using  near¬ 
ly  degenerate  four-wave  mixing  (NDFWM).  The 
origin  of  the  effect  is  explained  by  an  analytical 
treatment  of  NDFWM  which  includes  spontaneous 
emission  and  the  effects  of  collisions  due  to 
ground-state  perturbers.  The  results  show  that 
a  direct  measurement  of  velocity-changing  colli¬ 
sion  rates  may  be  possible  with  this  method. 

We  consider  the  nonlinear  interaction  between 
three  input  fields  denoted  by  E, ,  E4 ,  and  E, 
oscillating  at  frequencies  u,  u,  and  w  +  6,  re¬ 
spectively,  and  a  set  of  moving  two -level  atoms 
having  transition  frequency  w0.  E/  and  Et  are 
counterpropagating  pump  fields  and  E,  is  the 
probe  field  which  is  nearly  collinear  to  Ef The 
physical  process  giving  rise  to  a  four-wave  mix¬ 
ing  signal  in  such  a  system  can  be  described  as 
follows.  The  interference  of  the  fields  E,  and  E, 
generates  a  nonequilibrium  population  difference 
which  propagates  in  space  with  phase  velocity  6/ 

! K,  -  K,  I .  The  population  differencejirovides  a 
moving  grating  from  which  the  field  E,  scatters, 
generating  a  signal  wave  propagating  in  the  oppo¬ 
site  direction  to  Ep.  Conservation  of  energy  im¬ 
poses  the  condition  that  the  frequency  of  the  sig¬ 
nal  field  is  given  by  w  -  8.  As  a  result  of  Doppler 
broadening,  two  resonances  are  observed,  cor¬ 
responding  to  two  distinct  velocity  groups:  The 
first  occurs  at  8  =  0  when  the  forward  pump  and 
probe  are  resonant  with  one  velocity  group  of 
atoms,  and  the  second  occurs  at  8  =  -  2A  (A  =  u>„ 

-  w)  when  the  forward  pump  and  backward  prop¬ 
agating  signal  are  resonant  with  the  second  veloc¬ 
ity  group  of  atoms.  The  linewidths  of  the  two 
resonances  are  given  by  the  energy  relaxation 
time  (Tt)  and  the  dipole  dephasing  time  (Ta),  re¬ 
spectively.2  3 

Because  of  the  distinct  nature  of  the  processes 
determining  the  bandwidths  of  the  resonances  at 


8  =  0  and  6  =  -  2A ,  collisions  due  to  ground-state 
perturbers  affect  the  linewidths  of  the  two  reso¬ 
nances  differently.  The  bandwidth  associated 
with  the  dephasing  of  the  optical  coherence  in  the 
presence  of  buffer  gases  is  affected  by  phase¬ 
interrupting  collisions  and  gives  rise  to  collision- 
al  broadening  of  the  8  ■  -  2a  resonance.4  The 
bandwidth  associated  with  the  population  relaxa¬ 
tion  in  the  presence  of  buffer  gases  is  a  manifes¬ 
tation  of  velocity-changing  collisional  processes 
in  addition  to  radiative  decay  processes.  This 
paper  shows  that  these  effects  give  rise  to  col¬ 
lisional  narrowing  of  the  6  =  0  resonance.  In  prin¬ 
ciple,  NDFWM  permits  a  simultaneous  examina¬ 
tion  of  collisional  dynamics  for  each  of  these 
processes,  leading  to  independent  measurements 
of  velocity- changing  and  phase- interrupting  pres¬ 
sure-dependent  cross  sections. 

The  origin  of  collisional  narrowing  of  the  long¬ 
itudinal  (T,)  relaxation  linewidth  arises  from  the 
physical  decoupling  of  the  ground  and  excited 
states  in  the  presence  of  buffer  gases.  In  the 
absence  of  foreign  perturbers,  the  ground  and 
excited  states  are  coupled  together  by  means  of 
the  vacuum  radiation  field  (the  strength  of  this 
coupling  is  measured  by  the  spontaneous  decay 
rate  y).  As  a  result  of  this  coupling,  both  quan¬ 
tum  states  evolve  as  a  single  entity  even  in  the 
presence  of  applied  radiation  fields,  and  this 
entity  has  a  unique  spectral  response,  i.e.,  the 
bandwidth  is  determined  by  > .  In  the  presence  of 
foreign  perturbers,  the  ground  .and  excited  states 
experience  different  collisional  interactions  which 
effectively  decouples  them  even  in  the  presence 
of  the  vacuum  radiation  field.  In  this  case,  the 
responses  of  the  ground  and  excitr-1  states  to  ap¬ 
plied  radiation  fields  reflect  f  . •>.:  evolution  as 
distinct  entities.  Hence,  the  NDFWM  signal  has 
contributions  arising  from  both  the  ground  and 
excited  states  separatelv.  The  spectral  response 
of  the  individual  contribution  is  characterized  by 
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the  respective  collisionai  cross  section.  For  the 
signal  arising  from  the  ground  state,  the  band¬ 
width  is  determined  by  >(  +  T,  while  that  of  the 
excited  state  is  determined  by  y  +>t  +  r2.  1%  is 
the  velocity-changing  collisionai  decay  rate  and 
y  t  is  the  reciprocal  of  the  transit  time.  For  low 
pressures,  one  notes  that  y,  +  T,  «y  +yt  +  T2. 
Hence,  the  contribution  from  the  ground  state  will 
dominate  over  that  from  the  excited  state.  The 
bandwidth  is  determined  by  yt  +  Tl  which  is  much 
narrower  than  y.  A  measurement  of  the  band¬ 
width  at  the  resonance  line  6  =  0  will  provide  a 


direct  measurement  of  the  ground-state  decay 
rate  T,  provided  that  the  transit  time  is  known 
accurately. 

To  test  this  physical  picture  we  have  calculated 
the  effect  of  collisions  on  the  spectral  response 
of  NDFWM,  in  the  impact  regime.  We  have  cho¬ 
sen  a  collision  regime  which  entails  a  complete 
thermalization  of  the  velocity  distribution  upon 
each  scattering  event,  l.e.,  the  strong-collision 
model.  The  third-order  optical  polarization  ob¬ 
tained  with  a  perturbation  solution  of  the  density- 
matrix  equations  is  given  by 


*>(?,')*• -■ No-fcjL  E,EbEf  *{exp[-  «K,  •  r  -  i(o>  -  6)/]}  £  {S„  +*„} , 


where  .V0  is  the  initial  population  of  the  ground  state  and  is  the  dipole  moment  between  the  ground 
and  excited  states.  In  the  extreme  Doppler  limit,  Sn  and  R„  are  given  by 


5  =  '  i  + _ X _ iytl  /  !  . 7. -  (  t  \n  y  '  V  +  »‘6  ( 

r  y+ra-r,  y7f“f; (  u  ■’/  >»+i6 


=-2)T‘/*(Ku0)-l(y11  +i6)-‘(2y.  +  i[2A  +6])*‘ 


(stebX^). 


(2b) 

(2c) 

(2d) 


where  >,  =>/2  +  ria,  >,»rif  and  7'a  =  y  +  r2.  Fla  Is 
the  pressure-dependent  dephasing  rate  and  Ku0  is 
the  Doppler  width.  We  assume  that  6  «  w  and 
transit-time  effects  have  been  included  phenom¬ 
enologically. 

The  quantities  S„  and  R„  have  simple  physical 
interpretations.  S„  has  two  contributions.  The 
first  one,  proportional  to  /„,  arises  from  the 
dynamics  that  gives  rise  to  the  resonances  at  6 
=  0  and  6  =  -  2*  with  their  respective  linewidths 
modified  by  collisions.  The  second  contribution, 
proportional  to  y ,  is  due  to  the  existence  of  spon¬ 
taneous  decay  from  the  velocity-redistributed 
excited  state  to  the  ground  state.  Rn,  proportion¬ 
al  to  r„  /Ku0  as  shown  in  Eq.  (2d),  is  due  to  veloc¬ 
ity  redistribution  of  the  population  in  the  presence 
of  buffer  gases.  In  the  absence  of  buffer  gases 
(turn  off  T,,  ra,  and  ri2)  the  spectral  response 
is  given  by  the  term  proportional  to  I  „  in  Eq.  (2a). 

The  calculated  spectral  response  for  various 
buffer-gas  pressures  is  shown  in  Fig.  1.  As  buf¬ 
fer  gas  is  added,  we  find  that  the  amplitude  at  6 
=  -  2j>  decreases  as  a  function  of  pressure,  while 
the  linewidth  of  that  resonance  broadens  in  ac¬ 
cordance  with  the  phase- interrupting  collision 
model.  However,  we  observe  that  the  linewidth 
of  the  resonance  at  6  =  0  narrows  as  a  function  of 
pressure  and  the  magnitude  of  the  signal  increas¬ 


es.  The  narrowing  yields  a  minimum  width  com¬ 
parable  to  the  value  determined  by  transit- time 
effects  (assumed  to  be  1  MHz  in  this  calculation). 
An  increase  in  magnitude  of  the  response  which 
was  found  at  6  =  0  arises  from  the  tendency  of 
collision  processes  to  fill  up  the  velocity  hole 
"burned”  by  the  radiation  fields.  (Magnitude 
changes  are  not  indicated  in  the  figures.) 

As  anticipated  above,  the  narrowing  of  the  line- 
width  at  the  resonance  6  =  0  in  the  presence  of 
buffer  gas  is  due  to  the  appearance  of  distinct 
quantum  mechanical  scattering  amplitudes  for  the 
excited  and  ground  states.  The  distinct  scatter¬ 
ing  amplitudes  translate  into  different  cross  sec¬ 
tions  resulting  in  different  decay  rates  1%.  Hence, 
collision  effects  lead  to  distinct  bandwidths  for 
both  states. 

The  experimental  configuration  for  these  colli¬ 
sion  studies  was  identical  to  that  used  by  Steel 
and  Lind.*  The  counterpropagating  pump  fields 
were  supplied  by  one  stabilized  cw  dye  laser 
(CR699-21)  while  the  nearly  collinear  probe  wave 
was  supplied  by  a  second  stabilized  cw  dye  laser 
(also  CR699-21).  The  lasers  were  tuned  to  the 
3s*Sx  a(F  =  2)-3p*Pj/j(F  =  3)  transition  of  the  D, 
line  in  sodium  at  589  nm.  Beam  intensities  were 
on  the  order  of  2  mW  ^m*.  All  three  input  beams 
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FIG.  I.  Comparison  between  theory  and  experiment 
of  the  NDFWM  spectral  response  for  various  neon 
buffer-gas  pressures.  The  amplitude  scaling  varies 
with  each  figure.  The  separation  between  the  double 
peaks  is  82  MHz.  (a)  Theory,  A*  -41  MHz,  0  Torr. 

(b)  Theory,  A  =  -  41  MHz,  2  Torr.  (c)  Theory,  A»  0, 

10  Torr.  <d)  Experiment,  A"  -  41  MHz,  0  Torr. 

(e)  Experiment,  A  =  -41  MHz,  2  Torr  neon.  (0  Experi¬ 
ment,  A=  0,  33  Torr  neon. 


were  copolarized  to  avoid  Zeeman  coherence  ef¬ 
fects  which  are  discussed  elsewhere.6 

Shown  in  Fig.  1(d)  is  a  typical  spectral  response 
as  the  probe  frequency  is  tuned  near  the  pump 
frequency.  These  data  are  similar  to  those  meas¬ 
ured  earlier.5  In  these  experiments,  it  was  im¬ 
portant  to  tune  the  pump  laser  to  the  high-fre¬ 
quency  side  of  the  transition  to  avoid  confusion 
with  neighboring  hyperfine  levels  in  the  upper 
state.  Two  resonances  are  observed  occurring 
at  0  =  0  and  at  6  =  -  2A  as  predicted  in  Fig.  1(a). 

As  expected  from  the  known  lifetime  of  the  transi¬ 
tion,  the  widths  of  each  peak  were  found  to  be  ap¬ 
proximately  equal  to  20  MHz.  The  width  of  the 
first  peak  is  given  by  1  nl \  while  the  width  of  the 
second  peak  is  given  by  2  nT t.  The  widths  of  the 
resonances  are  the  same  since  we  are  using  a 
ground-state  transition  for  which  7^  =  27",  in  the 
absence  of  collisions.  In  Fig.  1(e)  we  see  the  ef¬ 
fect  of  adding  a  small  amount  (2  Torr)  of  neon 
buffer  gas.  As  in  the  theoretical  calculation  of 


Fig.  1(b),  there  is  a  slight  narrowing  of  the  first 
peak  at  6  =  0.  The  second  peak  has  dropped  in 
magnitude  and  broadened  with  respect  to  the  first 
peak  due  to  phase-interrupting  collisions.  The 
measured  broadening  of  that  peak  is  in  agree¬ 
ment  with  the  pressure-broadening  rates  tabulat¬ 
ed  by  Lewis.7  As  the  buffer-gas  pressure  is  in¬ 
creased  beyond  a  few  Torr  to  the  30-Tor r  range, 
we  see  in  Fig.  1(f)  that  the  first  peak  is  narrowed 
considerably.  For  these  data,  the  pump  fre¬ 
quency  was  adjusted  to  be  coincident  with  the 
atomic  resonance  (A  =0).  However,  similar  nar¬ 
rowing  behavior  was  observed  when  the  pump 
frequency  was  tuned  to  the  high-frequency  side  of 
the  resonance,  though  the  data  were  considerably 
noisier  because  of  a  reduced  signal  level.  The 
narrowest  linewidth  measured  was  approximately 
5  MHz  but  was  limited  by  relative  laser  jitter. 

The  quantitative  differences  as  a  function  of 
pressure  between  theory  and  experiments  are 
most  likely  due  to  the  collision  model  which  as¬ 
sumes  strong  velocity- changing  collisions.  A 
more  general  description  of  collisions  is  present¬ 
ly  being  Incorporated  into  the  formalism.  On  the 
basis  of  this  improved  analysis  and  the  above  ex¬ 
periments  we  expect  that  by  reducing  the  relative 
laser  jitter  and  transit-time  broadening,  it  should 
be  possible  to  directly  observe  linewidths  de¬ 
termined  by  velocity- changing  collisions. 

In  conclusion,  we  have  shown  that  in  the  pres¬ 
ence  of  ground-state  perturbers,  the  spectral 
response  of  the  NDFWM  signal  shows  a  narrow¬ 
ing  of  the  bandwidth  of  the  longitudinal  relaxation 
resonance  (6  =  0).  We  have  presented  a  theory 
and  a  physical  picture  which  qualitatively  account 
for  the  observations  showing  the  narrowing  to  be 
due  to  a  collision-induced  distinction  between 
ground-  and  excited-state  dynamics.  These  re¬ 
sults  demonstrate  the  possibility  of  determining 
the  ground-state  velocity-changing  collision  cross 
sections  directly  from  the  spectral  response  of 
NDFWM. 

This  work  was  supported  in  part  by  the  V.  S. 
Army  Research  Office  under  Contract  No. 
DAAG29-81-C-008. 
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Enhancement  of  four-wave  mixing  signals  due  to  velocity-changing  collisions 

D.  G.  Steel  and  R.  A.  McFarlane 

Hughes  Research  Laboratories,  3011  Malibu  Canyon  Road.  Malibu,  California  90265 
(Received  28  June  1982) 

We  present  experimental  data  showing  the  first  observation  of  large  enhancement  of  four- 
wave  mixing  signals  due  to  velocity-changing  collisions.  The  results  are  explained  with  a  simple 
model  which  describes  the  population  distributions  in  the  presence  of  velocity-changing  col¬ 
lisions  and  optical  pumping,  allowing  relative  velocity-changing  collision  rates  to  be  inferred 
from  the  data. 


The  effect  of  velocity-changing  collisions  (VCC)  by 
ground-state  perturbers  on  the  velocity  distribution  of 
atoms  interacting  with  a  monochromatic  laser  beam 
has  been  demonstrated  by  numerous  experiments  us¬ 
ing  saturation  spectroscopy.1-2  The  purpose  of  this 
Communication  is  to  describe  a  new  manifestation  of 
VCC  which  gives  rise  to  enhancement  of  four-wave 
mixing  signals.  The  enhancement  is  brought  about 
by  a  collisions!  redistribution  of  the  velocities  which 
offsets  the  effects  of  velocity  hole  burning  due  to  hy- 
perfine  optical  pumping.  We  show  how  VCC  rates 
may  be  inferred  from  the  data  using  a  simple  model 
for  the  equilibrium  population  distribution. 

The  principal  distinction  between  four-wave  mixing 
and  saturation  spectroscopy  using  cw  lasers  in  a  mul¬ 
tilevel  system  is  that  four-wave  mixing  signals  in¬ 
crease  with  a  pump  induced  increase  in  the  ground- 
state  number  density  while  saturation  spectroscopy 
signals  increase  with  a  pump  induced  decrease  in  the 
ground-state  number  density.  Hence,  cw  four-wave 
mixing  experiments  tend  to  emphasize  transitions 
which  are  not  optically  pumped,  while  in  saturation 
spectroscopy  the  largest  signals  are  observed  on  opti¬ 
cally  pumped  transitions.  The  above  description  is 
true  unless  the  pump  beam  laser  intensity  ( /)  is 
much  less  than  /*,.  where  the  saturation  intensity  /», 
is  calculated  to  account  for  optical  pumping,  spatial 
diffusion,  and  wall  relaxation.3 ■*  Typically,  /«,  is 
much  less  than  the  usual  /„,.  In  the  first  cw  degen¬ 
erate  four-wave  mixing  (DFWM)  experiments  on  the 
D2  line  in  atomic  sodium,  the  only  strong  signals  ob¬ 
served  using  a  cw  dye  laser  were  obtained  on  the 
3s  :S|/i(  F  —  l )— 3 p  :P)n(  F  — 3)  transition  and  on  the 
3s:S|/:(F-l)-3p;/>)/2(F-0)  transition.3  Of  the 
six  dipole  allowed  transitions  on  the  Z>2  line  in  atomic 
sodium,  these  two  transitions  are  the  only  transitions 
that  are  not  optically  pumped.  The  remaining  four 
transitions  are  indeed  observed  but  only  at  intensities 
comparable  to  /« ,.  On  these  transitions  at  intensities 
larger  than  /*„  atoms  in  the  f-  2  ground  state  are 
quickly  pumped  into  the  F  - 1  ground  state  while 
atoms  in  the  F  —  1  ground  state  are  quickly  pumped 
into  the  F  -2  ground  state.  This  paper  demonstrates 
that  at  pump  intensities  comparable  to  l^,  the  nor- 
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mally  very  weak  signal  on  the  optically  pumped  tran¬ 
sition  given  by  3sJSi/2(F  —  l)-3p2P3/2(F“2)  can  be 
considerably  enhanced  in  the  presence  of  VCC  by 
ground-state  perturbers.  The  physical  origin  of  this 
enhancement  is  easily  understood  by  considering  the 
effect  of  VCC  on  velocity  hole  burning  caused  by  the 
pump  beams  and  optical  pumping.  In  the  absence  of 
optical  pumping,  a  pump  beam  generates  a  hole  in 
the  velocity  distribution  of  the  ground  state  by  excit¬ 
ing  atoms  to  the  upper  level  in  a  very  narrow  velocity 
distribution  determined  by  the  natural  linewidth  of 
the  transition.  The  depth  of  the  hole  in  the  ground- 
state  velocity  distribution  is  equal  to  the  height  of  the 
spike  in  the  upper-state  velocity  distribution  and  is 
determined  by  the  strength  of  the  laser-atom  cou¬ 
pling.  The  maximum  depth  of  the  velocity  hole 
would  be  equal  to  one-half  the  equilibrium  ground- 
state  population  in  the  absence  of  the  laser,  corre¬ 
sponding  to  complete  saturation  of  the  transition. 
However,  in  an  inverted  F-type  three-level  system 
shown  in  Fig.  1 ,  where  optical  pumping  is  present,  it 
is  possible  to  increase  the  hole  depth  in  the  ground- 
state  population  distribution  to  the  point  where  the 
depletion  of  the  population  of  that  velocity  group  is 


FIG.  I.  Inverted  I -type  three-level  system  used  to 
describe  the  effects  of  VCC  on  four-wave  mixing  signals 
generated  on  optically  pumped  transitions 
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almost  complete.  At  the  same  time,  the  height  of  the 
spike  in  the  upper  level  is  also  reduced,  being  deter¬ 
mined  by  the  final  equilibrium  population  distribution 
and  the  strength  of  the  laser-atom  coupling.  Howev¬ 
er.  atoms  which  have  not  been  optically  pumped  out 
of  level  1  because  they  are  Doppler  shifted  out  of 
resonance  can  be  shifted  into  resonance  if  they  ex¬ 
perience  an  appropriate  velocity-changing  collision. 
This  has  the  effect  of  increasing  the  equilibrium 
population  density  of  level  1  in  the  specific  velocity 
group  interacting  with  the  laser.  As  shown  in  the  ex¬ 
periments  below,  this  effect  can  be  very  pronounced. 
A  simple  analytical  solution  to  the  population  rate 
equations  has  been  obtained  for  this  three-level  sys¬ 
tem  shown  in  Fig.  1  where  a  hard-sphere  collision 
model  has  been  assumed.  In  this  model,  the  effects 
of  the  standing  wave  in  the  experiment  have  been  ig¬ 
nored  and  strong  collisions  have  been  assumed,  i.e., 
the  velocity  distribution  is  thermal  after  a  collision. 
Nevertheless,  we  show  that  the  four-wave  mixing  sig¬ 
nal  is  an  excellent  indicator  for  the  resonant  popula¬ 
tion  distribution  and  the  VCC  rate  for  various 
ground-state  perturber  gases  can  be  estimated  from 
the  data. 

The  experimental  approach  to  demonstrate  this  ef¬ 
fect  is  based  on  DFWM  in  atomic  sodium  vapor. 

The  geometry  for  DFWM  is  discussed  in  the  litera¬ 
ture.6  The  cw  dye  laser  was  tuned  to  the  589  nm  res¬ 
onance  of  the  line.  In  Doppler-broadened  media 
this  interaction  is  Doppler  free  since  only  the  zero- 
velocity  group  (whose  width  is  determined  by  the  na¬ 
tural  linewidth)  can  interact  simultaneously  with  all 
three  beams.1  Figure  2  (dotted  line)  shows  the 
DFWM  signal  produced  as  the  laser  is  tuned  through 
the  resonances  of  the  D2  line.  As  indicated  above, 
while  there  are  six  dipole  allowed  transitions,  only 
two  are  usually  observed  at  convenient  power  levels 
because  of  .optical  pumping.*  However,  as  a  small 
amount  of  buffer  gas  is  added,  there  is  a  pronounced 
change  in  the  spectral  behavior  of  DFWM,  Figure  2 
(solid  line)  shows  that  transitions  A  and  B ,  which  are 
not  optically  pumped,  are  reduced  due  to  fine- 
structure  changing  collisions,9  while  transitions 
3s  2Si/:<  F  - 1 ) -3p  2Pm(  F - 1 )  and  3s  2Si/2(  F  - 1 ) - 
3 p  F- 2)  (denoted  by  C  in  the  figure  and  un¬ 

resolved  in  this  display)  are  enhanced.  The  points  in 
Fig.  3  show  the  observed  dependence  of  the 
3s  2Si/2(F  - 1  )-3p  2Pj/2(F-2)  DFWM  signal  level 
as  a  function  of  buffer  gas  pressure  for  helium. 
Similar  data  were  also  obtained  in  argon  and  xenon. 
As  anticipated  by  our  arguments  given  above,  the 
data  show  that  DFWM  signals  that  are  normally  weak 
due  to  optical  pumping  are  considerably  enhanced  by 
the  presence  of  only  a  few  hundred  millitorr  of  buffer 
gases. 

In  the  absence  of  pump  absorption,  DFWM  signals 
vary  as  the  square  of  the  ground-state  population 
density.  Hence  we  expect  that  a  simple  rate  equation 
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FIG.  2.  Spectral  structure  of  the  DFWM  signal  as  the 
cw  dye  laser  is  tuned  across  the  02  line.  The  dashed  line 
shows  strong  signals  observed  on  the  3s  2S1/2(f -2) 

-ip  2/>W2(F-3)  transition  (A)  and  the  3s  2S1/2(F-  I ) 

-ip  2Pit2(F  -  0)  transition.  <B).  The  solid  line  shows  the 
effect  of  adding  200  mTorr  of  helium  buffer  gas.  We  see 
that  the  signal  denoted  by  C  in  the  vicinity  of  the  three  di¬ 
pole  allowed  transitions  originating  out  of  the  F  -  1 
ground  stale  is  considerably  enhanced.  A  high-resolution 
display  of  this  spectral  region  shows  that,  in  fact,  the  sig¬ 
nal  appearing  is  due  to  collisional  enhancement  of  the 
3s  2Sy2(F  -  1  )-ip  2P)/2(F  -  1 1  transition  and  the 
3s  2S,/2<F“l)-lp2P}/}(F -2)  transition. 

model  predicting  the  equilibrium  population  densities 
would  explain  the  DFWM  signal  level  dependence  on 
buffer  gas  pressure.10  The  rate  equations  for  levels  1 
and  3  are  shown  below: 

h\i  u)  “  —  D(  n i  —  rt|°  )  —  Rrt\  +  Rn\  +  ytn\ 

+  I\cc(.V, /•«»)- ml  . 
h}(  u)  —  -Dn 3  -  Rn\  +  Rnt  -  y,n2. 

+  f\cc( <Vj/(  v)  —  ft}] 


FIG.  3.  Comparison  between  theory  ( nicc  - 1.5  x  |o’ 
sec'1  Torr-1 )  and  experiment  showing  the  dependence  of 
the  DFWM  signal  on  buffer  gas  pressure.  Comparison  is 
made  with  the  theory  by  assuming  ihat  the  DFWM  signal  is 
linearly  proportional  to  the  square  of  the  calculated  popula¬ 
tion  density  at  v-0. 
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The  effects  of  velocity-changing  collisions  are  ac¬ 
counted  for  by  assuming  the  distribution  to  be  ther¬ 
mal  after  a  collision  Such  strong  collisions  are 
described  by  a  term  like  I\cc( <V/(  i»)  -  n,(  v)  1, 
where  .V,  -  J"  «,( v)  dv.  /( v'  is  a  Maxwellian  velocity 
distribution,  and  f\Cc  is  (he  pressure  dependent 
velocity-changing  collision  rate  For  simplicity.  I\cc 
has  been  assumed  to  be  the  same  for  both  the  upper 
and  lower  levels  of  the  transition.  State-changing  col¬ 
lision  effects  in  this  pressure  range  are  negligible 
compared  to  radiative  processes  for  the  transitions 
under  investigation  and  are  not  included  in  this 
model  In  these  rate  equations.  D  is  the  diffusion 


rate  (  —  p~'  where  pis  the  buffer  gas  pressure).  yt  is 
the  decay  rate  of  level  3  back  to  level  1.  y,  is  the 
spontaneous  emission  rate  for  level  3.  n?  is  the  un¬ 
perturbed  velocity  distribution  [given  by  N\f(  v)  J, 
and  R  is  the  velocity  dependent  laser  excitation  rate 
given  by  Ro/ll  +(<v~<wo  —  kv)2/y2].  where  mis  the 
laser  frequency  and  kv  is  the  Doppler  shift.  Rq  is 
the  resonance  excitation  rate  given  by  y,< ///«,). 
These  equations  may  be  solved  to  yield  the  modified 
velocity  distribution  for  the  ground-state  population 
by  assuming  only  that  the  natural  linewidth  and 
|w-(uol  are  small  compared  to  the  Doppler  linewidth 
in  order  to  carry  out  the  velocity  integrals  analytically: 


Afj ’/(«>)  ,  Ro/Ri  j 

"  1  +(RJR])HtRo  +  \)U1  (  tRo  + 1 ) 1/2  ) 


I  - 

yl~yi 

l 

Rolyi 

D' 

I  +(/f0/tf2)/(T/?o  +  l)l/3 

TRo+(ot  —  a>o~kv)2/y2 

where 
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y«(/o/f«).  T-(y',-y\+D‘)HD'y‘t)  . 

<y;/F)(D/rUc).  R i-<y;/n<y;-rvcc>/rvcc  , 

p  hs(y,'~yi  -Tvcc)  ~<yi 
'cc  (>;-rvcc)(f)'-r^cc) 


yi “>i  +f\cc  +D.  D'-D+Tvcc  . 


and  F  is  proportional  to  the  ratio  of  the  natural 
linewidth  to  the  Doppler  linewidth  and  is  given  by 
<  tr1  :/2)<  y/kuo)expl-(<u-<u0)2/kBT]. 

The  calculated  behavior  of  this  population  depen¬ 
dence  on  Tvcc  f°r  various  buffer  gas  pressures  is 
compared  with  experiment  by  plotting  m2(v~0)  as  a 
function  of  buffer  gas  pressure  p.  Values  for  the  dif¬ 
fusion  rate  D were  taken  from  the  literature."  The 
calculation  was  multiplied  by  a  constant  to  enable 
direct  comparison  with  the  DFWM  signal.  Hence  the 
only  adjustable  physical  parameter  was  the  collison 
rate  Tver-  where  r\rc  -  Tvcc  P  The  results  from 
helium  are  shown  in  Fig.  3  (solid  lines).  Similar  data 
and  comparison  with  theory  were  obtained  with  argon 
and  xenon.  The  values  used  for  r£cc  were  1.5  x  10’, 

1  x  10'.  and  0.9  x  10'  for  helium,  argon,  and  xenon, 
respectively,  in  units  of  sec_lTorr"I  IJ  The  value  for 
helium  is  in  surprisingly  good  agreement  with  that  by 
Liao  and  colleagues,  J-,J  considering  our  use  of  the 
strong  collision  model.  To  the  best  knowledge  of  the 
authors  the  values  for  argon  and  xenon  are  presented 
here  for  the  first  time.  The  effect  of  decreasing  the 
value  for  T(!cc  is  to  increase  the  value  of  the  pressure 
for  maximum  signal  enhancement.  The  fit  of  the  . 
model  to  the  data  made  a  20%  change  in  TVcc  easily  ’■ 
observable.  This  model  is  a  rate  equation  approxima¬ 
tion  and  we  have  not  included  the  effects  of  VCC  on 


the  third  order  optically  induced  coherence  in  degen¬ 
erate  four-wave  mixing.  In  this  case,  Lam  and  Ber¬ 
man14  have  shown  theoretically  that  in  contrast  to 
our  intrinsically  intensity  dependent  collisional 
enhancement,  a  small  intensity  independent  collision¬ 
al  enhancement  can  be  observed  assuming  strong  col¬ 
lisions  and  no  optical  pumping  or  diffusion  only  if 
Tvcc  foe  the  lower  level  greatly  exceeds  Tvcc  for  the 
upper  level.  If  the  collision  rates  are  assumed  to  be 
equal,  as  they  are  in  our  model,  then  they  predict  a 
small  collisionally  induced  decrease  in  the  signals  due 
to  a  reduction  in  the  degree  of  spatial  modulation.14 
In  fact,  experimentally,  we  do  observe  a  slight  col¬ 
lision  induced  signal  reduction  at  very  low  pump  in¬ 
tensities. 

In  conclusion,  we  have  demonstrated  a  new  form 
of  collisional  enhancement  of  four-wave  mixing  sig¬ 
nals.  This  effect  has  been  demonstrated  to  be  a  use¬ 
ful  signature  of  velocity-changing  collisions  and  is  a 
totally  different  approach  to  the  study  of  VCC  from 
the  usual  saturation  spectroscopy  approach. 
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We  present  experimental  data  showing  destruction  of  degenerate  four-wave-mixing  signals  by 
collisions  at  extremely  low  pressures  of  added  buffer  gases  ( --100  mtorr).  These  experiments 
are  performed  on  the  3s  2S\/2(F—2)-3p  F  -3)  transition  of  the  D2  line  in  atomic  sodi¬ 
um  for  which,  in  the  absence  of  buffer  gases,  the  lower  state  is  not  optically  pumped  to  the 
3s  JS|/3(  F  -  I )  ground  state.  However,  using  a  simple  rate  equation  model  we  are  able  to  qual¬ 
itatively  explain  the  observed  behavior  by  showing  that  state-changing  collisions  have  the  effect 
of  generating  a  collision-induced  optical  pumping.  This  transfers  the  F -2  ground-state  popula¬ 
tion  to  the  F  -  I  ground  state,  thus  reducing  the  density  of  atoms  available  for  generating  a  signal. 


Recently,  degenerate  four-wave  mixing  (DFWM) 
using  cw  narrow-band  tunable  dye  lasers  has  been 
used  as  an  alternative  to  saturation  spectroscopy  for 
high-resulution  spectroscopy.  For  a  pure  two-level 
system  the  two  methods  are  quite  similar  in  their 
Doppler-free  behavior  and  their  dependence  on  vari¬ 
ous  physical  parameters. 1  However,  in  a  multilevel 
system  complicated  by  hyperfine-structure  optical 
pumping,  four-wave  mixing  and  saturation  spectros¬ 
copy  (using  cw  lasers)  become  distinct.  I  (^particular, 
four-wave-mixing  signals  increase  with  a  pump- 
induced  inc:ease  in  the  ground-state  number  density 
while  saturation  spectroscopy  signals  increase  with  a 
pump-induced  decrease  in  the  ground-state  number 
density.  To  be  specific  we  consider  the  D2  line  in 
atomic  sodium  shown  in  Fig.  1.  There  are  six 
dipole-allowed  components  of  this  transition  owing  to 
hyperfine  splitting  of  the  upper  (lp2P}n)  state  and 
lower  <3s:S|/j)  state.  Of  the  six  transitions,  four  are 
susceptible  to  hyperfine  optical  pumping  and  are 


FIG  I  Energy-level  diagram  for  atomic  sodium  showing 
ihe  D :  line  ai  589  nm  Dotted  lines  show  transitions  sus¬ 
ceptible  to  optical  pumping 

n 


shown  as  dotted  lines  in  Fig.  1 .  The  remaining  two 
transitions  designated  A  and  B  are  unaffected  by  such 
hyperfine-structure  optica)  pumping  due  to  the  dipole 
selection  rules.  Hence,  for  pump  intensities  compar¬ 
able  to  the  transition  saturation  intensity,  these  latter 
two  transitions  give  rise  to  the  two  strong  DFWM 
signals  observed  in  cw  experiments  in  atomic  sodium 
as  reported  earlier.2  The  remaining  transitions  are 
considerably  weaker  because  the  ground-state  popula¬ 
tion  is  transferred  by  optical  pumping  from  one 
ground  state  to  the  other  ground  state.  In  saturation 
spectroscopy,  just  the  opposite  happens,  with  the 
transitions  shown  with  dotted  lines  in  Fig.  1  giving 
rise  to  the  strongest  signals.  This  optical  pumping  ef¬ 
fect  can  be  avoided  in  these  experiments  if  the  pump 
intensity  is  reduced  well  below  the  saturation  intensi¬ 
ty  as  described  by  Feld  and  Pappas.2 

In  this  paper  we  describe  experimental  studies  us¬ 
ing  DFWM  on  the  3s2SU2(F-2)-3p2Pm{F~3) 
transition  in  sodium  at  589  nm  (the  D2  line).  Our 
results  show  that  while  this  transition  is  easily  ob¬ 
served  as  previously  discussed,  a  small  quantity  of 
buffer  gas  completely  eliminates  the  observed  signal. 
We  believe  this  effect  is  due  to  collision-induced  opti¬ 
cal  pumping  caused  by  state-changing  collisions  in¬ 
volving  both  hyperfine-state-changing  collisions  and 
fine-structure-state-changing  collisions.4  These  col¬ 
lisions  have  the  effect  of  transferring  the  population 
to  another  atomic  state  which  can  then  decay  to  the 
F  - 1  ground  state.  Using  this  model  we  show  that  a 
simple  rate  equation  solution  for  the  populations 
shows  good  qualitative  agreement  with  the  experi¬ 
ment.  These  results  are  important  in  that  they 
strongly  affect  the  interpretation  of  collision  experi¬ 
ments  performed  using  such  transitions. 

The  origin  of  the  nonlinear  response  in  resonant 
DFWM  is  discussed  by  numerous  authors.'  We  can 
consider  the  signal  to  arise  from  the  scattering  of  a 
backward  pump  wave  ( £t)  from  a  spatial  modulation 
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of  the  absorption  and  dispersion  generated  by  the 
simultaneous  interaction  of  a  forward  pump  wave 
( Er  >  and  nearly  collinear  probe  beam  ( £, ).  Phase¬ 
matching  conditions  indicate  (if  the  forward  and 
backward  pumps  are  counterpropagating)  that  the  sig¬ 
nal  k  vector  will  be  oppositely  directed  to  the  k  vector 
of  the  input  probe  wave.  Typically,  the  angle 
between  the  forward  pump  and  probe  is  very  small, 
of  order  1°.  The  interaction  is  Doppler  free  since 
only  the  u-0  velocity  group  can  interact  simultane¬ 
ously  with  all  three  beams. 

For  these  experiments  a  stabilized  tunable  dye  laser 
was  operated  at  589  nm  with  pump  intensities  of  or¬ 
der  a  few  mW/cm:  comparable  to  the  saturation  in¬ 
tensity.  The  interaction  region  was  1  cm  and  the 
sodium  density  was  maintained  so  as  to  keep  the  in¬ 
verse  absorption  length  less  than  1  cm-1.  Figure  2(a) 
shows  the  entire  spectrum  when  the  dye  laser  is 
scanned  through  the  D;  line.  As  expected,  two  tran¬ 
sitions  are  observed  corresponding  to  transitions  A 
and  B  given  above.  Figure  2(b)  shows  the  effect  of 
adding  200  mtorr  of  argon  buffer  gas  to  the  cell 
showing  transitions  A  and  B  considerably  reduced. 
Buffer  gas  pressures  are  measured  outside  the  cell  at 
room  temperature  while  the  cell  temperature  was 
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FIG  2  < a >  DFWM  signal  observed  in  the  absence  of 
buffer  gases  as  the  cw  dye  laser  is  tuned  jeross  the  D:  line 
' b i  DFWM  signal  as  shown  in  <a)  but  in  the  presence  of 
200  mtorr  of  argon  buffer  gas  showing  that  transitions  A  and 
flare  considerable  reduced  (Transition  ("is  a  colltsionally 
enhanced  transition  discussed  elsewhere  <Ref  4)| 


near  150  °C.  (Transition  Cis  a  collisionally  enhanced 
signal  arising  from  the  optically  pumped  transitions 
terminating  on  the  F  -  2  and  F  - 1  upper  states  and 
is  discussed  elsewhere. -)  The  parametric  behavior  of 
the  A  transition  as  a  function  of  gas  pressures  was 
recorded  for  three  buffer  gases  and  is  shown  in  Fig. 

3.  There  are  slight  variations  for  the  various  gases. 
To  ensure  the  signals  were  not  the  results  of  col¬ 
lisions  with  large  molecules,  an  additional  precau¬ 
tion  was  taken  by  passing  the  buffer  gases  through  a 
liquid-nitrogen-cooled  coil  prior  to  pumping  them 


(a) 


(b) 
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FIG  3.  The  parumetreic  dependence  of  ihe  DFVVM  signal  as  a 
function  of  gas  pressure  for  (a)  helium,  lb)  argon,  and  (c)  xenon 
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into  the  cell  to  ensure  that  any  impurities  would  be 
condensed  out  of  the  system. 

To  explain  the  above  behavior  a  simple  rate  equa¬ 
tion  model  was  solved  based  on  Fig.  4(a).  Level  4  is 
any  level  which  can  decay  to  level  2  by  spontaneous 
dipole  emission  and  is  coupled  to  level  3  by  state¬ 
changing  collisions.  Qualitatively,  level  4  represents 
the  ip  :P\ ■■  state  of  sodium  as  well  as  the  Fm  2, 

F- 1.  and  F-0  levels  of  the  ip  2Pyn  state.  The 
only  optical  coupling  allowed  is  between  levels  1  and 
3.  To  understand  the  observed  behavior,  it  is  impor¬ 
tant  to  include  the  effects  of  diffusion.  Diffusion 
limits  the  rate  at  which  pumped  atoms  can  leave  and 
unpumped  atoms  can  enter  the  interaction  region  and 
thus  enhances  the  effect  of  any  optical  pumping 
mechanism. 

The  important  rate  equations  are  given  by 

h\  —  D(n\  —  n}’)  —  R(  n\  —  nyl 
+  alyiru+y}n3  . 

fly  *=  —  Drty  —  R(  fly  —  ft\)  —  y3rt3 
-rj4n;  +  r43/i4  . 

h4“-Dn4  +  r34/l.i-r4jn4-y4«4  . 

In  these  equations,  n,  is  the  population  of  level  /  in 
the  presence  of  the  radiation  field,  n,°  is  the  level 
population  in  the  absence  of  the  field,  a/  is  the 
branching  ratio,  R  is  the  laser  excitation  rate  assumed 
to  be  on  resonance  given  by  >,///„,  (y,-y3  is  the  A 
coefficient),  Dis  the  diffusion  rate  given  by  Do 
{2.4/ a)2/ p  where  values  for  D0  are  taken  from  the 
literature,6  a  is  the  beam  radius,  and  p  is  the  pres¬ 
sure.  and  is  the  pressure-dependent  state-changing 
collision  rate  from  level  i  to  level  j.  These  equations 
may  be  solved  for  the  time-independent  equilibrium 
solution  for  the  population  in  level  1: 


PRESSURE  ln,T<»,> 

FIG.  4.  (»)  Model  assumed  to  describe  the  effect  of 
state-changing  collisions.  The  laser  is  tuned  to  be  resonant 
with  levels  l  and  3.  Level  3  can  decay  by  dipole  radiation  to 
level  I  or  in  the  presence  of  buffer  gas  collisions  can  be 
transferred  to  level  4.  Level  4  can  decay  by  spontaneous  di¬ 
pole  emission  to  either  level  1  or  level  2.  (b>  The  equilibri¬ 
um  solution  to  the  rate  equation  model  for  the  population  of 
level  1.  The  value  nf  is  plotted  rather  than  n,  since  the 
DFWM  signal  is  proportional  to  the  square  of  the  atomic 
density 


«i 


where  y4  -  y4  +  T43  +  D.  By  noting  that  the  expres¬ 
sion  in  the  denominator  multiplying  //A*,  is  usually 
much  greater  than  1 ,  we  see  that  in  the  presence  of 
state-changing  collisions  the  effective  saturation  in¬ 
tensity  is  decreased.  This  result  is  similar  to  that  ob¬ 
tained  for  estimating  the  effects  of  ordinary  optical 
pumping  on  saturation.as  discussed  in  Ref.  3.  For 
///w ,  —0,5,  and  the  val'aes  for  an  effective  T43  and 
r34  estimated  from  the  literature"  to  be  of  order 


2  x  107  sec"1  and  1  x  10?  sec"1  torr"1,  respectively,  we 
find  the  predicted  behavior  for  ( n\!n\  )2  shown  in 
Fig.  4(b).  We  plot  the  value  (nl//it‘):  since  i he  non¬ 
linear  DFWM  signal  is  proportional  (in  the  absence 
of  pump  absorption)  to  the  square  of  the  population 
density.  The  model  shows  the  predicted  behavior  to 
be  in  good  qualitative  agreement  with  the  experi¬ 
ments.  Note,  however,  that  the  model  is  overly  pes¬ 
simistic  on  the  effects  of  collision-induced  reduction 


57 


1690 


BRIEF  REPORTS 


27 


of  the  population  in  the  ground  state.  We  believe 
that  this  is  due  to  the  fact  that  we  have  ignored  the 
effects  of  velocity-changing  collisions. 

In  conclusion,  we  have  presented  experimental 
data  showing  the  effects  on  DFWM  signals  of  small 
amounts  of  added  buffer  gases.  We  believe  these  are 
the  result  of  state-changing  collision-induced  optical 
pumping.  While  these  experiments  have  been  per¬ 
formed  using  DFWM.  they  clearly  apply  to  any  non¬ 
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SPECTRAL  NARROWING  AND  RELATED  EFFECTS  OF  COLLISION 
DYNAMICS  IN  RESONANT  DEGENERATE  FOUR -WAVE  MIXING* 

J.F.  Lam,  D.G.  Steel  and  R.A.  McFarlane 
Hughes  Research  Laboratories 
Malibu,  California  90265 
U.S.A. 

We  have  undertaken  a  detailed  study  of  the  effect  of  ground  state  perturbers 
on  the  magnitude  and  spectral  response  of  degenerate  and  nearly  degenerate 
four-wave  mixing  signals.  The  results,  as  described  below,  point  out  the 
possibility  of  measuring  ground  state  velocity  changing  collision  cross 
sections  and  that  it  is  possible  to  enhance  the  degenerate  four-wave  mixing 
signal  in  the  presence  of  buffer  gases. 

The  theoretical  model  consists  of  a  set  of  2-level  atoms  interacting  with 
the  external  radiation  fields  in  the  degenerate  four-wave  mixing  (DFWM)  geome¬ 
try  [1].  There  is  a  frequency  shift  of  the  probe  wave  with  respect  to  the  two 
counterpropagating  pump  waves  such  that  6=0  for  degenerate  operation  while 
5f0  for  nearly  degenerate  operation.  We  have  introduced  appropriate  collision- 
induced  decay  and  pumping  channels  to  account  for  the  existence  of  fine  and 
hyperfine  structure  components.  In  the  impact  regime,  optical  coherences 
undergo  phase  interrupting  collisions  with  ground  state  perturbers  while 
populations  undergo  velocity  changing  collisions  (VCC).  Experiments  using 
sodium  were  carried  out  for  comparison  with  the  theoretical  model.  Two 
stabilized  cw  lasers  were  tuned  to  the  3s2S1 ,2-3p2p3y2  transition.  A  nearly 
col  linear  pump  and  probe  insures  that  the  spectrum  of  the  DFWi;  signal  is 
Doppler-free. 

We  consider  the  situation  where  the  frequency  shift  6  is  allowed  to  vary 
with  respect  to  constant  pump  frequency  and  the  polarization  state  of  all 
radiation  fields  is  the  same.  The  analysis  shows  the  spectrum  of  the  RIM 
signal  has  two  resonances  due  to  resonant  excitation  of  two  velocity  groups. 

The  first  resonance  occurs  at  6=0  when  the  forward  pump  and  probe  are  resonant 
with  one  velocity  group.  Its  linewidth  is  determined  by  the  longitudinal  re¬ 
laxation  rate,  1/T^.  The  second  resonance  occurs  at  6=-2A(A=u>0-u).  uj0  and  o  are 
the  transition  and  laser  frequencies,  respectively)  when  the  forward  pump  and 
generated  signal  are  resonant  with  the  other  velocity  group.  The  linewidth 
of  this  resonance  is  determined  by  the  transverse  relaxation  rate  l/T?.  Hence, 
in  the  presence  of  buffer  gas,  the  resonance  at  6=0  experiences  VCC  while  the 
resonance  at  6=-2A  undergoes  phase  interrupting  collisions.  Fig.  1  shows  the 
spectral  response  in  the  presence  of  Ne  buffer  gas.  Figs,  la,  lb,  and  lc 
illustrate  the  results  of  the  theoretical  analysis  using  the  quantum  mechanical 
transport  equation  while  Figs.  Id,  le  and  If  are  the  corresponding  experimental 
results.  The  narrowing  and  enhancement  of  the  6=0  linewidth  arises  from  the 
col  1 ision-induced  decoupling  of  the  ground  and  excited  states.  This  decoupling 
occurs  because  the  ground  state  Os^St^)  and  excited  state  (3p2P3/2)  are 
characterized  by  different  trajectorievdue  to  VCC  resulting  in  r^fr2.  rn  is 
the  VCC  rate  for  level  n.  For  the  ground  state,  the  bandwidth  is  determined 
by  Yt+rl »  while  for  the  excited  state,  it  is  Yt+r2+Y*  Yt  is  the  inverse  of 
the  transit  time  and  y  is  the  spontaneous  decay  rate.  Since  yt+r^  «  y*+r2+y, 
one  finds  that  for  low  buffer  gas  pressure,  the  magnitude  of  the  signal  gener¬ 
ated  by  the  ground  state  dominates  that  due  to  the  excited  state  and  the  line-* 
width  is  determined  by  yf+T] .  By  choosing  large  enough  optical  beams,  ^  can 
be  made  sufficiently  small  such  that  Fj  >>>t  and  the  linewidth  becomes  a  di¬ 
rect  measure  of  .  The  arrow  in  Fig.  1  corresponds  to  the  location  of  the 
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atomic  transition  frequency.  The  broadening  of  the  =-2A  linewidth  as  a 
function  of  pressure  is  due  to  col  1 isional ly  induced  dephasing.  Figure  2 
shows  the  ratio  of  the  magnitude  of  the  peak  at  ;=-2:  to  that  at  i=0.  The 
dotted  curve  represents  the  experimental  data  while  the  solid  curve  is  obtain¬ 
ed  from  the  analysis'.  The  ratio  is  reduced  at  a  rate  faster  than  that  due  to 
pressure  broadening  of  the  T2  peak  and  is  the  result  of  the  predicted  enhance¬ 
ment  of  the  T]  peak  [2]. 


Fig.  1  Spectra  of  FWM  for  differ-  Fig.  2  Ratio  of  the  peak  amplitudes 

ent  values  of  pressure  and  A  of  the  Tg  to  T1  resonances  vs.  pressure 


Next,  we  consider  the  effect  of  buffer  gases  on  the  DFWM  spectrum  when  i=0. 
Fig.  3a  shows  the  spectrum  of  the  DFWM  signal  as  the  laser  is  tuned  through 
the  D2  line  of  sodium  in  the  absence  of  buffer  gases.  The  signals  A  and  B 
arise  from  the  3s2Si/2(F=2)-3p2P3/2(F=3)  and  3s  i/2(F=li)-3p^ 
respectively.  These  transitions  do  not  experience  optical  pumping.  When  a 
small  amount  of  buffer  gas  is  added  (-30mTorr),  the  spectrum  exhibits  sig¬ 
nificant  changes  as  depicted  in  Fig,  3b.  The  decrease  in  the  magnitude  of 
the  signals  A  and  B  is  due  to  collision  induced  ground  state  optical  pumping 
arising  from  fine  and  hyperfine  structure  changing  collisions  in  the  excited 
state.  There  are  two  hyperfine  split  ground  state  levels.  Calculations  show 
that  the  population  of  the  particular  ground  state  excited  by  the  laser  can  be 
almost  completely  transferred  to  the  remaining  ground  state  when  ground  state 
relaxation  is  limited  by  spatial  diffusion.  The  new  structure  (C)  is  unresolv¬ 
ed  in  this  display  but  involves  transitions  from  3s2Si/2(F=1 )  to  3p2P3/2(fr=1 
and  2).  The  transitions  are  strongly  optically  pumped  and  at  convenient  laser 
powers  (I~Is.t)  are  very  weak.  However,  in  the  presence  of  small  amounts  of 
buffer  gas  these  transitions  are  considerably  enhanced  as  shown.  The  physical 
origin  of  this  enhancement  is  understood  by  considering  the  effect  of  VCC  on 
velocity  ho  1  «-.*  burning  caused  by  the  pump  beams  and  ground  state  optical  pumping. 
In  the  absence  of  optical  pumping,  the  pump  beams  generate  a  hole  in  the  ground 
state  velocity  distribution.  The  depth  of  this  hole  is  limited  by  saturation 
to  one  half  the  equilibrium  value  in  the  absence  of  the  laser  field.  However, 
in  sodium  as  indicated  above,  the  ground  state  is  hyperfine  split  into  two 
levels  separated  by  1.77  GHz.  Optical  pumping  results  in  a  transfer  of  popu¬ 
lation  from  the  ground  state  level  involved  in  the  optical  excitation  to  the 
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remaining  level.  This  results  in  a  much  deeper  velocity  hole  and  a  very  weak 
DFWM  signal  due  to  the  depleted  ground  state  population.  However,  in  the 
presence  of  buffer  gas,  atoms  which  have  not  been  optically  pumped  because  of 
their  Doppler  shift  can  be  shifted  into  resonance  if  they  experience  an  appro¬ 
priate  VCC.  These  collisions  have  the  effect  of  thermalizing  the  population, 
washing  out  the  velocity  hole.  The  signal  is  thus  enhanced  because  of  the 
increase  in  the  ground  state  population  for  that  velocity  class.  Fig.  4  shows 
a  comparison  between  theory  and  experiment  for  helium  buffer  gas  [3].  At 
higher  pressures  the  signal  begins  to  fall  off  because  the  entire  velocity 
distribution  becomes  optically  pumped. 


m»;«  u; 


Fig.  3  DFWM  spectra  of  sodium  (a)  no  Fig.  4  DFWM  signal  vs.  pressure  of 

buffer  gases  (b)  in  the  presence  of  He  buffer  gas 

buffer  gas 
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Abstract 


We  report  experimental  and  theoretical  studies  of 
colli sional  processes  on  Zeeman  coherences  using 
polarization  sensitive  nearly  degenerate  four-wave 
mixing.  The  detuning  characteristic  of  the  signal 
allows  a  direct  measurement  of  the  magnitude  of 
the  m-mixing  colli sional  rates. 
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Recently,  we  have  shown  that  the  nearly  degenerate  four-wave  mixing 

(NDFWM)  process  can  provide  a  direct  and  simultaneous  measurement  of  the 

longitudinal  ( 1  /T-j )  and  transverse  (l/T^)  relaxation  rates  of  a  resonant 

two-level  atom.  Furthermore,  we  observed  that  in  the  presence  of  buffer 

gases,  the  linewidth  of  the  resonance  describing  the  longitudinal  relaxation 

process  experiences  a  significant  narrowing,  below  that  of  the  natural  width. 

Using  a  theoretical  model,  the  narrowing  was  accounted  for  as  arising  from 

collisional  effects  in  the  ground  state  population^.  These  observations 

were  made  for  the  case  where  the  radiation  fields  are  co-polarized  and  we 

concluded  that  NDFWM  offers  a  unique  technique  for  the  measurement  of  the 

2 

ground  state  velocity  changing  cross  section  . 

This  paper  discusses  our  ongoing  studies  on  collision  dynamics  in  Zeeman 
coherences  using  NDFWM.  The  production  of  such  coherences  is  achieved  by  having 
the  pump  fields  be  90°  cross  polarized  with  respect  to  the  probe  field.  This 
scheme  provides  a  truly  phase  and  polarization  conjugation  in  a  resonant 
medium^. 

The  results  of  our  studies  can  be  summarized  as  follows.  In  the  Doppler 
limit  and  in  the  absence  of  buffer  gases,  the  spectrum  of  the  generated  signal 
shows  two  resonances  having  equal  linewidths  (given  by  the  spontaneous  emission 
rate).  The  first  resonance  is  centered  at  the  pump  frequency  w  and  reflects 
the  fact  that  the  forward  pump  and  probe  excite  the  same  velocity  group.  This 
resonance  is  centered  at  3w-2u).,  u>0  being  the  transition  frequency.  This 
resonance  reflects  the  fact  that  the  forward  pump  and  the  generated  signal 
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shares  the  same  velocity  group  and  describes  the  nonlinear  response  of 
the  optical  coherence.  The  equality  in  the  linewidths  is  a  consequence 
of  the  resonant  atom  behaving  as  closed  quantum  system.  In  the  presence 
of  buffer  gases,  the  two  resonances  remain  with  the  distinction  that  the 
linewidths  are  no  longer  equal  in  magnitude.  The  linewdith  of  the  first 
resonance  is  influenced  by  collisionally  induced  changes  in  the  Zeeman 
coherence  of  the  ground  state.  Its  magnitude  is  determined  by  angular 
momentum  changing  collisions.  The  linewidth  of  the  second  resonance  is 
broadened  as  a  function  of  buffer  gas  pressure.  This  is  a  manifestation 
of  the  effects  of  phase  interrupting  collisions  on  the  optical  coherence. 

The  predominance  of  ground  state  dynamics  in  determining  the  details  of  the 
firsF resonance  is  a  consequence  of  the  fact  that  the  resonance  atom  behaves 
like  an  open  quantum  system  in  the  presence  of  foreign  perturbers. 

The  theoretical  lineshape  was  obtained  using  a  perturbative  solution  of 
the  density  matrix  equations,  taking  into  account  the  random  motion  of  the 
atoms.  In  the  Doppler  regime  with  the  pump  frequency  within  the  Doppler 
linewidth,  the  results  of  the  computation  agree  well  with  the  physical  processes 
discussed  above.  A  novel  feature  appears  when  the  laser  is  tuned  outside 
the  Doppler  width.  Figure  1  shows  the  theoretical  spectral  lineshape  of 
the  generated  signal  as  a  function  of  probe-pump  frequency  offset.  In  this 
example,  the  pump  detuning  from  the  atomic  resonance  is  set  at  4  GHz  and  the 
Ar  buffer  gas  pressure  is  700  Torr.  The  narrow  dip  arises  from  the  quantum 
interference  between  ground  and  excited  state  dynamics.  And  the  width  of  the 
dip  is  determined  by  collisional  effects  on  Zeeman  coherences.  A  value  of 
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collision  cross  section  was  employed  in  the  calculation  which  reproduced 

the  form  of  the  linesnape  structure  observed  by  Bloerbergen  and  coworkers 

4 

on  their  recent  studies  of  atomic  sodium.  Structure  associated  with  the 
second  resonance  disappears  at  such  high  buffer  gas  pressures. 

Measurements  are  underway  in  our  laboratory  using  pump  detunings  less 
than  the  Doppler  width  and  our  results  will  be  compared  with  the  theoretical 
modeling  for  this  case. 
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FIGURE  CAPTION 

1.  NDFWM  Theoretical  Lineshape  with  uj-u>  =  4  GHz  and  P  =  700  Torr 
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We  descibe  an  experimental  study  of  collision  induced  frequency 
shift  and  line  broadening  on  transitions  between  the  3s  ground  state 
and  ns  and  nd  excited  states  of  atomic  sodium  due  to  rare  gas 
collisions.  These  studies  are  made  in  the  frequency  domain  using  a  new 
-kind  of  four-wave  mixing  spectroscopy  which  we  designate  frequency 
domain  three  state  spectroscopy  (FDTS) .  Such  a  frequency  domain  study 
of  collisions  permits  both  the  frequency  shift  and  line  broadening  to 
be  simultaneously  measured.  The  simultaneous  measurement  of  both  of 
these  parameters  is  important  since  the  shift  is  due  to  long  range  type 
collisions  and  the  broadening  is  due  to  short  range  dephasing  type 


1.  Introduction 

An  atom  undergoing  a  resonant  transition  from  a  high  lying  state  to 
the  ground  state  experiences  a  shift  and  a  broadening  of  its  spectral 
line  profile  in  the  presence  of  collisions  with  neutral  perturbers . 

The  profile  is  given  by  I (w)  =  (IQ/») (7Q+7C) / [ (w-w0“ec) 2+ (70+7c) 2j  »  where 
ec  and  7c  are  the  collision  induced  pressure  dependent  frequency  shift 
and  line  broadening,  respectively.  In  the  case  of  alkali-noble  gas 
collisions,  the  spectral  shift  of  an  alkali  atom  transition  taking 
place  between  the  ground  state  and  a  state  n  when  n  is  large  (n  is  the 
principal  quantum  number)  is  dominated  by  scattering  of  the  outer 
alkali  atom  electron  by  the  neutral  ground  state  perturber.  The  line 
broadening  is  dominated  by  the  polarizabiity  of  the  perturber.  The 
shift  was  first  analyzed  by  Fermi*.  The  frequency  shift  and  line 
broadening  were  experimentally  examined  in  the  classic  work  of 
Fuchtbauer  and  his  co-workers  who  studied  absorption  by  the 
principal  series  of  several  metals  in  the  presence  of  various  noble  and 
molecular  gases.  The  experimental  results  show  that  as  the  principal 
quantum  number  increases,  the  collisional  cross  section  increases  as 
one  would  expect  from  geometrical  considerations  and  then  approaches  an 
asymptotic  value,  independent  of  the  principal  quantum  number.  The 
data  suggests  that  the  asymptotic  values  depend  only  on  the  perturber, 
and  not  on  the  particular  species  of  the  absorbing  atom.  Following 
these  studies,  additional  experimental  observations  were  made  in  the 
extensive  work  of  Mazing  and  Alekseev  .  There  have  been  numerous 
theoretical  works  attempting  to  provide  quantitative  understanding  of 
this  behavior® 


More  recently,  using  the  techniques  of  conventional  spectroscopy 

« 

and  laser  spectroscopy,  collision  studies  have  been  extended  to  series 

other  than  the  principal  series.  Doppler  free  two-photon  absorption 

has  been  used  to  study  the  collisional  broadening  and  shift  of  the  3s- 
11—13  1213 

4d  and  3s-5s  '  transitions  in  sodium.  The  broadening  behavior 

was  verified  using  transient  techniques  based  on  the  measurement  of  the 
temporal  decay  of  the  two-photon  coherence^.  Further  measurements  of 
the  two-photon  coherence  have  been  made  using  cw  techniques  based  on 
observations  in  the  frequency  domain^.  In  an  extensive  experimental 
study,  Flusberg,  Kachru ,  Mossberg,  and  Hartman,  carried  out  their 
measurements  of  the  pressure  broadening  for  the  3s-ns  and  3s-nd 
superposition  state  series  of  atomic  sodium1  .  Using  the  tri-level 
echo  technique,  they  measured  the  temporal  decay  of  the  two-photon 
coherence,  p 13  in  the  density  matrix  formalism,  between  the  excited 
state,  3,  and  the  ground  state,  1,  via  a  coupling  through  a  resonant 
intermediate  state,  2.  (Because  these  measurements  were  in  the  time 
domain,  measurements  of  the  pressure  induced  spectral  shift  were  not 
readily  obtained.)  Using  two  pulsed  dye  lasers,  this  technique  has 
enabled  them  to  explore  the  series  well  beyond  n=5,  extending  to  n=34 . 
They  were  able  to  compare  their  results  with  the  collision  theory  of 
Omont  ^  and  showed  good  qualitativie  agreement  for  the  3s-ns  series. 
Agreement  between  theory  and  experiment  for  the  3s-nd  series  was  not 
obtained  and  is  not  really  expected  since  Omont’s  analysis  includes 
only  elastic  collisions,  while  inelastic  collisions  are  known  to  play 
an  important  role  in  collisions  involving  higher  angular  momentum 
states^ . 
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Using  resonant  two-photon  absorption,  Krebs  and  Schearer  have 
measured  the  collision  induced  shifts  of  the  3p-nd  transitions  in 
atomic  sodium.  Currently  no  analysis  exists  for  the  collision  induced 
shifts  for  intermediate  values  of  n.  For  large  n,  they  obtained  an 
asymptotic  value  for  the  cross  section  similar  to  the  results  of 

Fuchtbauer  and  in  good  agreement  with  the  asymptotic  theory  of  Alekseev 

8  9  19 

and  Sobelman  and  Ivanov  .  The  work  of  Brillet  and  Gallagher  on 

rubidium  using  two-photon  absorption  showed  that  while  the  collision 

induced  shifts  were  in  agreement  with  the  theory  for  large  n,  the 

collision  broadening  was  larger  than  expected. 

In  this  paper  we  describe  frequency  domain  measurements  using  two 
stabilized  tunable  dye  lasers  and  the  method  of  nonlinear  four- wave 
mixing  of  the  pressure  induced  shift  and  broadening  of  the  3s-ns 
transitions  and  pressure  induced  broadening  of  the  3s-nd  transitions  in 
sodium  due  to  rare  gas  collisions.  The  experimental  and  theoretical 
basis  for  these  measurements  was  described  earlier^.  We  designate  it 
frequency  domain  three-state  spectroscopy  (FDTS)  to  distinguish  it  from 
time  domain  type  measurements  such  as  the  tri-level  echo  or  two-photon 
coherent  transient  measurements  or  from  frequency  domain  absorption 
measurements.  The  important  distinction  between  FDTS  and  other  two- 
photon  frequency  domain  spectroscopy  techniques  is  that  FDTS  generates 
a  line  profile  characterizing  the  ground  state  to  final  state 
transition,  but  remains  resonant  through  the  intermediate  state  by 
using  two  independently  tunable  frequencies.  Hence,  the  FDTS  signal 
strength  does  not  decrease  due  to  intermediate  state  detuning  as  the 
final  state  principal  quantum  number  increases.  This  is  not  the  case 
in  ordinary  two-photon  absorption  signals .  Time  domain  measurements 
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provide  strong  signals  and  do  not  requre  narrowband  lasers,  however, 

« 

usually  they  provide  only  line  broadening  information  while  FDTS 
provides  measurements  of  both  the  spectral  shift  and  the  line 
broadening.  This  is  important,  since  in  the  context  of  collision 
theory,  it  yields  information  about  the  imaginary  and  the  real  part  of 
the  scattering  amplitude  .  The  time  domain  measurements  give  the 
signal  decay  (which  relates  directly  to  the  broadening);  thus, 
information  is  obtained  primarily  about  the  imaginary  part  of  the 
scattering  amplitude.  Since  narrowband  lasers  are  used  for  FDTS  and  it 
is  Doppler  free,  the  pressure  dependent  effects  can  be  observed  at 
relatively  low  pressure  ("l  Torr)  ensuring  measurements  in  the  impact 
regime.  This  is  in  contrast  to  the  work  of  Fuchtbauer  indicated  above 
where  the  pressures  were  high  enough  (in  the  range  of  several  100  Torr) 
to  observe  pressure  broadening  in  excess  of  the  combined  Doppler  and 
instrumentation  width.  In  addition,  FDTS  also  enables  measurement  of 
the  fine  structure  of  the  high  lying  states.  This  will  be  briefly 
summarized  in  Section  3. 

In  section  II  of  this  paper  we  present  the  theoretical  basis  for 
this  nonlinear  spectroscopy  technique  and  describe  how  collisions  are 
included  in  the  formalism.  In  Section  III  we  present  the  experimental 
results  and  indicate  how  velocity  changing  collisions  and  state 
changing  collisions  affect  the  observed  behavior  in  terms  of  signal 
strength.  We  describe  the  measurements  of  fine  structure  splitting  and 
measured  line  shift  and  broadening  rates  and  describe  how  cross- 
sections  are  inferred  from  the  data.  In  Section  IV  we  discuss  the 
results  and  compare  the  measurements  with  existing  analysis. 


2.  Theory 

As  we  shall  show  in  the  following  discussion,  FDTS  is  a  form  of 
Doppler-free  coherent  four-wave  mixing.  The  signal  is  a  coherent 
collimated  beam  as  opposed  to  fluorescence,  and  is  produced  by  a  two- 
photon  induced  optical  coherence  between  the  ground  state  and  excited 
state.  The  nonlinear  polarization  is  third  order  in  the  applied 
electric  fields.  The  frequency  and  the  direction  of  the  signal  are 
determined  by  conservation  of  energy  and  phase  matching.  The  two- 
photon  induced  coherence  is  produced  via  coupling  through  a  resonant 
intermediate  state.  Resonance  at  both  the  intermediate  state  and  the 
excited  state  is  guaranteed  by  using  two  independently  tunable 
narrowband  lasers  at  frequencies  u ^  and  Wg  and  characterized  by 
electric  fields  E-^Cw^k-j)  and  Eg  (^g.kg) >  resPect^ v^ly .  In  degenerate 
frequency  two-photon  absorption,  the  signal  strength  decreases  as  the 
principal  quantum  number  of  the  excited  state  increases  due  to 
intermediate  state  detuning.  This  does  not  occur  in  FDTS  since  the 
intermediate  state  is  always  resonant.  In  fact,  as  shown  below,  for 
arbitrary  field  strength  Eg,  the  signal  strength  can  be  made 
independent  of  the  strength  of  the  intermediate  state  to  final  excited 
state  transition  moment. 

1 5 

The  analysis  of  FDTS  follows  from  perturbation  theory  .  The 
geometry  for  the  interaction  is  shown  in  Figure  1.  Two  counter 
propagating  plane  waves  at  frequencies  and  u/g  with  fields  Ej(u/j,kj) 
and  EgCu/gjlCg)  respectively,  are  incident  on  a  cell  containing  the  three 
state  resonant  system  (atomic  sodium)  with  the  ground  state  to 
intermediate  state  resonance  at  fij  and  the  intermediate  state  to 
excited  state  resonance  at  fig.  A  third  plane  wave,  E£(u/g,kg)  , 
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intersects  the  interaction  region  at  a  very  small  angle  with  respect  to 


Eg.  The  phase  matched  nonlinear  interaction  of  interest  produces  a 
signal  Ej(w^,kj)  counterpropagating  to  Eg  (Wg ,  kg)  .  While  the  resonant 
system  is  Doppler  broadened,  it  is  not  hard  to  anticipate  that  the 
spectroscopy  signals  obtained  by  holding  ui ^  fixed  and  tuning  Wg  are 
Doppler-free.  The  frequency  is  tuned  to  the  middle  of  the  ground 
state  to  intermediate  state  absorption  spectrum.  Only  those  atoms 
satisfying  the  velocity  dependent  resonance  conditions,  v=0, 

will  interact  with  .  Assuming  fully  collinear  geometry  then,  there 
will  be  no  velocity  dependence  in  the  atoms  that  interact  with  Eg  or  Eg 
since  the  velocity  is  fixed  by  the  frequency  of  E^  . 

To  calculate  the  nonlinear  polarization  for  FDTS,  we  recall  that 
the  polarization  P~fIrpp  where  p  is  the  dipole  moment  operator  and  p  is 
the  density  matrix.  p  is  a  solution  of  the  velocity  dependent  quantum 
mechanical  transport  equation 


i*(grJ.v)/l.[Ho(„]  +  [v1p]-  ft  {r,„>t+i*  |fi  Ti*  1 


coll 


where  H  is  the  Hamiltonian  of  the  unperturbed  atom  ( < i I H  |i>=E6- •) 
and  V  is  the  electromagnetic  perturbation  energy,  -pE .  The  vector 
notation  is  dropped  because  we  shall  assume  all  fields  are  copolarized. 
The  decay  term  is  given  by  the  anti  commutator  of  T  and  p  where  T  is 
assumed  to  be  diagonal  and  represents  decay  from  any  level  < i I  7  I i >  =T ^ 
due  to  spontaneous  emission  or  inelastic  collisions.  (0p/0t) i  enj 
represents  a  source  term  due  to  sponaneous  emission  into  a  level .  The 
last  term  represents  dephasing  collisions  which  give  rise  to  a 
frequency  shift  e. .  and  an  increased  decay  of  the  optical  coherences, 


<  i  I  1  , ,  M  >  =  (-i  £••  +  Tf?V)  where  the  convention  e.  .>o‘  for  j>i 

Ot  coil  1J  '1J 

corresponds  to  a  blue  shift. 

The  three  level  system  is  shown  in  Figure  2.  We  assume  that  in  the 
absence  of  the  optical  fields,  only  the  ground  state  is  populated.  The 
nonlinear  interaction  originates  with  E^  establishing  an  optical 
coherence,  p^g,  between  the  ground  state  and  the  intermediate  state,  2, 
by  the  dipole  interaction,  ^1'  The  electric  field,  Eg,  by  the 

coupling  -p 23  Eg  to  p^g  establishes  the  two-photon  optical  coherence, 

The  electric  field  Eg  generates  a  third  order  contribution  to  p^g 
by  coupling  P23^2  P\3‘  Recalling  that  in  general 

E.=(l/2)  <£exp  iCk^x-w^t)  +  c.c.,  the  above  description  is  in  the 
context  of  density  matrix  perturbation  theory  where  the  order  of  the 
nonlinearity  is  determined  by  the  order  of  electric  field  interaction. 
This  is  shown  diagramtically  in  Figure  3  where  the  relevant  fields  have 
been  determined  by  phase  matching  and  conservation  of  energy .  The 
relevant  polarization  is  then  given  by  P=/dvTrpp=/dvp ^gPg^+c . c . 

The  final  result  for  the  polarization  is  (in  the  rotating  wave 
approximation)  given  by 


P(x,t)=  -  p. 


x  r  *7ph 

13  '13 


fSo  ^12*1  \  1^2)  (^2  ^  -ik1x-iu/1t 

2\~k^r/\~2tr /  \— W )  \  2fc  /  e 

(sf-  -1)  <ri2^?2>  -1  ( ^2*  E7  V  ei3-(iq  -1)£i2)]"1 


A1  e12+l(ri2+7lP 


A1  £12+l(ri2+712^ 
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is  the  plasma  dispersion  function. 


uq  is  the  thermal  velocity,  w^=ck^,  and  Nq  is  the  ground  state 

population  density.  The  remaining  symbols  have  the  following 

« 

definitions:  1^3=  (7^3+  73)  /  2,  T  12=  (7®g+  72)/2,  ^i=  wi“^i »  7?j 

is  the  line  width  contribution  due  to  phase  interrupting  collisions 
between  states  i  and  j,  and  €^.  is  energy  level  shift  due  to  collisions 
of  level  j  with  respect  to  level  i.  The  resonance  condition  is  given 

°y 

*2  *  !q-  41  -  *13  -(q-  -l)*12=  0  <3> 

and  the  linewidth  is  determined  by 


In  frequency  units  (Hertz),  the  FWHM  is  7/7T. 

There  are  several  interesting  properties  of  this  polarization  which 
impact  spectroscopy.  First  is  that  the  interaction  provides  a  nearly 
Doppler  free  linewidth.  Since  typically  (k2/kj)-l<l,  the  contribution 
from  the  intermediate  state  is  small  leading  to  nearly  state  specific 
spectroscopy  signatures.  A  second  important  property  is  that  the 
signal  strength  is  determined  only  by  fi ^  if  the  intermediate  state  to 
final  state  interaction  (^2 3^0)  *s  held  constant;  i.e.  as 


decreases,  <?2  and  increase.  This  leads  to  the  interesting 
possibility  of  studying  "forbidden  transitions",  typically  weak  and 
difficult  to  observe.  Finally,  because  of  the  resonance  condition,  the 
tuning  of  is  not  critical  as  long  as  (Aj-e^2)/kjU^  *s  sma^^» 

is  tuned  within  the  Doppler  width.  It  should  be  noted,  however,  that 
the  observed  frequency  dependent  character  of  a  complex  spectroscopic 
structure  generated  as  a  function  A2  (for  fixed  A^)  ,  can  be  very 
complicated  if  level  1  or  level  2  is  composed  of  nondegenerate  states. 
In  particular  if  the  upper  state  has  complex  structre  (e.g.  fine 
structure  or  hyperfine  structure) ,  the  splitting  as  measured  by  varying 
A2  relates  directly  to  the  actual  splitting  of  the  level.  However,  in 
the  absence  of  collisions  (6^=0)  a  splitting  5  in  the  intermediate 
state  is  observed  as  a  splitting  { (kg/kj) -1}6  splitting  as  a  function 
A2  and  a  splitting  6  in  the  ground  state  is  measured  as  (k2/kj)6. 

Hence,  the  significance  of  observed  spectral  structures  must  be 
carefully  interpreted.  It  is  interesting  to  consider  the  unusual 
dependence  of  the  resonance  condition  and  linewidth  on  k-vectors . 
Physically  this  dependence  arises  because  in  the  rest  frame  of  an  atom 
moving  in  a  Doppler  broadened  medium,  the  velocity  dependent  frequency 
shift  is  given  by  kv  .  For  the  kj  beam,  the  frequency  shift  for  a  given 
velocity  is  different  than  the  frequency  shift  observed  by  the  atom  for 
the  k2  beam. 

In  the  above  solution,  a  fully  col linear  geometry  was  assumed  to 
make  the  velocity  integrals  simple.  However,  in  the  experiments,  a 
small  ,  angle  (8-1°)  exists  between  j«2  and  .  This  leads  to  a 

propagating  term  exp  i  [  (1c ^  +  jc^  -  i«2)  'x-u/tj  rather  than  the  simple  term 
shown  in  Eq.  2.  This  term  leads  to  a  phase  mismatch  between  the  wave 
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vector,  ie.  of  the  signal  generated  by  the  nonlinear  polarization  and 

A  « 

the  net  wave  vector  of  the  nonlinear  polarization.  The  signal 
propagates  in  a  direction  to  minimize  this  mismatch.  The  mismatch 
manifests  itself  in  the  solution  for  the  intensity  of  the  signal  (in 
the  slowly  varying  envelope  approximation)  as 

(sin^  where  L  is  the  interaction  length  and  A^=ic  j+icg-lcg-ic 

For  small  angles  between  kg  and  leg ,  this  leads  to  a  signal  wave  vector, 
k*  ,  almost  counterpropagating  to  kg-  This  has  a  tremendous  impact  on 
improving  the  signal-to-noise  ratio  since  the  signal  at  is 
propagating  in  a  direction  different  from  the  main  pump  beam  which  is 
also  at  frequency  .  Hence,  one  is  looking  for  a  signal  on  a  nearly 
black  background  (limited  only  by  incoherent  scattering)  in  contrast  to 
saturation  spectroscopy  where  one  is  looking  for  a  small  signal  on  top 
of  a  large  dc  background  due  to  the  backward  propagating  probing  beam. 

In  principal,  this  mismatch  also  results  in  a  reduction  in  signal.  In 
practice,  however,  the  magnitude  of  the  mismatch  is  small  except  for 
kg/k^  >>l  such  as  occurs  at  the  ionization  limit.  Even  there,  the 
mismatch  can  be  reduced  to  near  zero  at  the  expense  of  a  slight 


increase  ir.  linewidth  if  the  angle  between  kg  and  k^  is  adjusted  to  be 


3.  Experimental  Results 

As  indicated  in  Section  I,  one  of  the  principal  motivations  for 

developing  FDTS  has  been  to  enable  collision  studies  of  nS  and  nD 

Rydberg  states  with  ground  state  perturbers .  Such  studies  in  the 

frequency  domain  will  lead  to  information  about  the  polarizability  and 

effective  electron  scattering  cross  section  for  the  perturber.  This 

13 

follows  from  extraction  of  the  dephasing  collision  cross  section,  agr> 
from  the  linewidth,  7,  as  is  described  below.  Because  stabilized 
narrowband  dye  lasers  are  used  in  FDTS,  frequency  domain  measurement  of 
fine  structure  in  the  Rydberg  levels  is  also  possible.  This  approach 
is  in  contrast  to  the  earlier  work  using  quantum  beat  spectroscopy  to 
measure  fine  structure. 

FDTS  of  atomic  sodium  is  complicated  by  the  fact  that  sodium  has  a 

nuclear  spin  of  1=3/2  leading  to  significant  hyperfine  splitting  of  the 
2  2  2 

3s  Sjyg*  3p  P]y2*  P3/2  states.  A  simplified  energy  level 

diagram  is  shown  in  Figure  4.  The  splitting  is  easily  resolved  by  cw 
narrowband  dye  lasers.  Optical  dipole  selection  rules  for  the  total 
angular  momentum,  ?=f+3,  are  given  by  AF=0,±1.  Hence,  for  the  Dg  line, 
there  are  a  total  of  6  dipole  allowed  transitions  between  various 
hyperfine  split  states.  However,  for  the  Dg  line,  cw  monochromatic 
radiation  illuminating  certain  transitions  causes  a  significant 
redistribution  of  the  ground  state  population.  This  is  due  to 
hyperfine  optical  pumping  and  in  some  cases  results  in  transferring 
almost  all  the  population  from  the  F=1  (F=2)  ground  state  to  the  F=2 

(F=l)  ground  state.  The  only  3s-3p  transitions  which  are  not  optically 

2  2  2 
pumped  are  the  3s  Sjyg  (F=2)-3p  P3/2  (F=3)  transition  and  the  3s 

2 

(F=l)-3p  P.  (F=0)  transition.  Therefore,  since  the  signal  intensity 


is  proportional  to  the  particular  groundstate  density,  transitions  to 

« 

the  excited  state,  nd  or  ns,  are  dominated  by  groundstate  to 
intermediate  state  transitions  involving  these  two  unpumped 
transitions.  This  is  convenient  since  it  reduces  secondary  spectral 
structure  associated  with  a  given  excited  state  due  to  the  presence  of 
various  intermediate  states.  In  general,  each  excited  state  appears 
twice  in  a  scan  of  separated  by  (kg/k^) Ajjpg  where  Ajjpg  is  the 
1772  MHz  associated  with  the  ground  state  hyperfine  splitting.  This  is 
unavoidable  but  poses  no  problem  because  of  such  a  large  ground  state 
splitting.  In  the  data  discussed  below,  the  total  frequency  scans  are 
much  less  than  this  splitting  and  therefore  this  structure  is  not 
displayed . 

The  simple  picture  described  above  becomes  much  more  complicated  in 

the  presence  of  collisions.  The  polarization  shown  in  Eq.  2  shows  that 

due  to  collision  broadening,  the  signal  decreases  -with  increasing 

linewidth.  Similarly,  in  the  time  domain,  the  optical  coherence, 

decaying  as  exp~7t,  results  in  a  decrease  in  signal  with  increasing  7. 

16 

This  was  the  basis  of  the  experimental  technique  used  by  Flusberg 

Since  7  is  a  linear  function  of  the  pressure  (cf  Section  4) ,  measuring 

the  signal  as  a  function  of  pressure  yielded  the  pressure  broadening 

coefficient  in  their  paper  (after  some  small  corrections) . 

Unfortunately,  this  direct  measurement  does  not  work  in  the  cw  case. 

As  discussed  in  detail  elsewhere,  buffer  gas  collisions  induce  velocity 

20  2 1 

changes  in  the  sodium  atoms  and  also  cause  state  changes  .  The  net 


result  is  that  transitions  which  are  normally  weak  and  hard  to  observe 
due  to  optical  pumping  effects  discussed  above  can  become  strong  due  to 
velocity  changing  collisions  (vcc)  which  reduce  the  effects  of  ordinary 


optical  pumping.  Similarly  transitions  which  are  strong  because  they 

* 

are  not  optically  pumped  become  less  strong  due  to  collision  induced 
optical  pumping  arising  from  state  changing  collisions  (see) .  See 
transfer  population  from  the  excited  state  to  another  state  whose 
dipole  selection  rules  may  allow  decay  to  the  other  ground  state. 

While  cross  sections  for  both  kinds  of  collisions  are  small,  their 
effects  can  be  quite  large  (easily  observed  at  10* s  of  mTorr)  since 
spatial  diffusion  limits  the  effective  ground  state  relaxation  time. 

The  dependence  of  the  signal  amplitude  on  buffer  gas  pressure  is 
therefore  very  nonlinear.  The  implication  for  FDTS  is  that  using  the 
signal  amplitude  as  a  function  of  pressure  to  measure  relaxation  is  not 
adequate.  Rather,  the  width  itself  must  be  measured  as  the  pressure  is 

varied  and  interpreted  using  Eq.  2.  The  reader  is  referred  to  the 

above  references  for  a  complete  discussion  of  vcc  and  see  in  four-wave 
mixing. 

The  experimental  configuration  used  for  these  spectroscopy  studies 

is  shown  in  Figure  5.  The  primary  tools  for  the  experiments  were  two 

Coherent  Radiation  CR-699-21  stabilized  ring  dye  lasers  pumped  by  two 

CR18  argon  ion  lasers.  One  dye  laser  was  operated  with  R6G  dye  at 
•  • 

X=5890A  and  pumped  at  5145A.  The  second  dye  laser  operated  with  R6G 

for  studies  of  the  4d  state,  but  used  UV  argon  ion  pumping  of  stilbene 

3  (Exciton  420)  dye  for  studies  of  n=8-15.  Studies  beyond  n=15  require 
Stilbene  1  which  is  unreliable  with  a  very  short  lifetime.  Studies  of 
n=6  and  7  require  a  courmarin  dye  with  a  Krypton  ion  pump  to  achieve 
sufficient  output  power  and  were  not  feasible  for  lack  of  a  Krypton 
laser.  The  linewidth  of  each  laser  (stabilized  to  its  own  reference 
cavity)  was  200  KHz  RMS  with  a  relative  peak-to-peak 
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linewidth  of  2  MHz.  This  was  measured  by  beating  one  laser  against  the 
other  and  observing  the  spectrum  on  an  RF  analyser. 

An  acousto-optic  modulator  driven  at  40  MHz  was  amplitude  modulated 
at  20  kHz  and  used  to  modulate  beam  kg  and  kg  •  This  produced  a  20  kHz 
modulation  on  the  signal  which  enabled  the  use  of  phase  sensitive 
detection.  This  was  convenient  since  the  modulation  of  u/g  produced  a 
modulation  in  signal  at  but  did  not  modulate  scattered  light  at 
due  to  window  imperfections  or  sodium  fluorescence. 

Both  beams  kg  and  kg  were  lightly  focused  by  two  1  meter  lenses 

into  the  1cm  long  quartz  sodium  cell.  The  cell  temperature  was  571®K 

but  the  sodium  temperature  in  the  side  arm  was  adjusted  to  give  60% 

0 

absorption  of  the  unfocused  200  fi W  k^  beam  at  5890  A.  The  power  of  the 
kg  and  kg  beams  was  adjusted  to  give  maximum  signal  without  power 
broadening  the  spectrum.  Typically  this  power  was  the  order  of  6  mW. 
The  signal  (at  5890  A),  in  the  absence  of  buffer  gas,  was  easily 
visible  on  a  white  card.  Due  to  collision  induced  optical  pumping, 
however,  the  signal  dropped  several  orders  of  magnitude  in  the  presence 
of  1  Torr  of  buffer  gas.  Hence,  phase  sensitive  detection  was  used  to 
establish  a  good  signal-to-noise  ratio  in  spite  of  the  collision 
induced  signal  reduction . 

The  signal,  following  phase  sensitive  detection,  was  digitized  and 
averaged  on  a  Tracor  Northern  1710  signal  averager  and  stored  on  disk 


or  analyzed  using  a  nonlinear  least  squares  code  on  a  VAX  computer. 


Figure  6  shows  an  example  of  typical  data  obtained  on  the  3s^S 


(F=2)-3p^p2yg(F=3)-8d^Dj  transition.  Both  the  J=5/2  and  J=3/2 


1/2 


components  are  easily  resolved  and  can  be  contrasted  to  the  earlier 


frequency  domain  measurements  using  a  pulsed  dye  laser 


22 


The  total 


angular  momentum  P  is  specified  for  the  ground  state  and  intermediate 


state  because  the  different  components  are  easily  resolved.  However, 
Arps  *s  unresolved  for  the  high  lying  states.  The  two  primary 
resonances  each  show  a  secondary  resonance  to  the  low  frequency  side. 
This  is  the  resonance  due  to  transitions  involving  the  3p  P3/2  (F=2) 
intermediate  state.  The  spacing  between  the  primary  and  secondary 
resonance  is  where  6  is  the  hyperfine  splitting  between 

the  F=2  and  F=3  intermediate  state  (59.6  MHz).  The  linewidth  exceeds 
the  natural  linewidth  and  the  profile  deviates  from  a  Lorentzian 
because  the  finite  *angle  between  5c  ^ ,  leg  and  !ci  leads  to  a  residual 
Doppler  width. 

Using  FDTS  and  its  ability  to  clearly  resolve  the  excited  state 

fine  structure  splitting,  we  have  been  able  to  measure  Apg  for  various 

nc  states  confirming  the  fine  structure  inversion  for  the  observed 

states.  The  results  are  shown  in  Table  1  and  compared  to  earlier 

measurements.  As  indicated  in  Figure  6,  the  low  frequency  structure 

o 

results  from  coupling  to  the  Dj-/2  level  and  the  higher  frequency 

o 

component  results  from  coupling  to  the  ^eve^- *  Verification  of 

this  inversion  arises  from  consideration  of  the  observed  signal 

intensities.  This  is  determined  by  the  relative  sizes  of  the 

transition  line  strengths  between  states  i  and  j:  S(i,j)  a  where 

2 

S(i,j)  is  line  strength.  We  are  interested  in  the  ratio  «^=S (*Dj-  ^ , 
2-22 

P3/2 [F=3_ ) /S (  ^3/2’  ^3/2  ^=^])  where  the  ratio  has  been  summed  over 

2 

all  F  values  of  the  Dj  state.  The  F  states  are  summed  since  the 
hyperfine  splitting  is  unresolved.  To  evaluate  the  ratio,  note  that 
the  line  strength  between  specific  F  states  is  given  by 
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S(7SLIJF;7'SL,IJ»F*) 


(5) 


=  (21+1) Q (I JF ; IJ'F* )Q(SLJ ; SL* J* ) S (7SL ; 7  *SL* ) 
where  S(7SL;7*SL*)  is  the  line  strength  for  transitions  between  | 7SL> 
and  |7*SL'>  and  Q  is  the  relative  intensity: 


(2J2-1) (2J‘+1) 

Q<Jr  J2’J;J1*  "  ’~~2J~r+l 


The  number  {}  is  the  Wigner  6j  symbol.  Summing  over  F,  the  line 
strength  is  given  by 


S  (7SLI J ;  7SL  *  I J  *F  * )  =  12F1  +  1)X2J±11  ^  ^  J2  S(7SL;7*SL')  (7) 


The  calculated  ratio  of  intensities  of  the  nonlinear  response  (varying 
as  **>  is  81.  This  estimate  ignores  polarization  effects  since 
magnetic  substate  optical  pumping  redistributes  the  magnetic  substate 
population  and  the  rate  equations  have  not  been  solved  to  evaluate  this 
effect.  In  measurements  shown  in  Figure  6,  the  ratio  (29)  is  less  than 
expected  because  of  polarization  effects  and  because  saturation  was 


occuring  on  the  ^5/2  transition  at  Wg  intensities  strong  enough  to 


2  .  2 

observe  the  ^3/2  comPonent  simultaneously  with  the  con,P°nent. 


However,  this  clearly  demonstrates  the  fine  structure  inversion.  To 

put  the  above  results  in  perspective,  we  note  that  for  ordinary 

hydrogen,  the  fine  structure  splitting  results  in  a  higher  frequency 

component  which  arises  from  the  transition  to  the  larger  j -value.  In 

the  alkali  metals,  even  for  large  n-values,  the  components  are 

inverted.  This  difference  arises  from  relativistic  corrections  and  is 

29 

described  by  E.  Luc-Koenig  .  Her  calculated  values  are  included  in 
Table  1 . 


The  primary  source  of  systematic  error  in  these  measurements  is 

* 

uncertainty  in  the  dispersion.  Calibration  was  achieved  with  a  1  GHz 

free  spectral  range  Fabry-Perot  interferometer.  Considerable 

improvement  in  accuracy  could  be  achieved  by  lengthening  the  Fabry- 

Perot  cavity.  This  was  not  possible  with  the  present  equipment.  It 

should  be  pointed  out  that  location  of  the  resonances  must  be  checked 

as  a  function  of  beam  intensities  since  any  A.C.  Stark  splitting  can 

lead  to  an  apparent  shift  in  the  resonance  position. 

The  collision  studies  were  performed  to  measure  both  the  collision 

induced  shift  and  broadening  of  the  resonance.  While  transitions  to 
2 

the  nd  Dg  /9  were  studied  to  evaluate  collision  induced  broadening  using 

helium,  argon,  and  neon  buffer  gases,  most  of  the  work  concentrated  on 

measuring  the  collision  induced  broadening  and  shift  of  transitions  to 

the  ns  states  due  to  helium  buffer  gas.  Helium  was  chosen  for  these 

first  detailed  measurements  because  it  has  the  weakest  collision 

21 

induced  optical  pumping  effect  .  As  indicated  above  in  the  limit  of 
third  order  perturbation  theory,  collision  induced  optical  pumping  does 
not  effect  either  7?^  or  ,  but  it  does  decrease  the  signal-to-noise 
of  the  nonlinear  interaction  due  to  a  reduction  of  the  resonant  ground 
state  population. 

An  example  of  the  pressure  broadening  observed  on  the  transition 
2 

to  the  lid  Dg/g  state  due  to  neon  buffer  gas  is  shown  in  Figure  7.  The 
recorded  signal  is  the  result  of  signal  averaging  several  frequency 
scans.  The  effect  of  the  collision  induced  frequency  shift  is  most 
easily  seen  in  Figure  8  where  the  frequency  shift  shown  is  observed  on 
the  transition  to  the  9s  Sjyg  state  with  1.8  Torr  Helium.  The 
frequency  shifts  are  measured  using  a  single  scan  on  the  Tracor  signal 
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averager  and  a  long  time  constant  on  the  lockin  to  avoid  any  laser 

% 

reset  jitter.  The  laser  scans  slowly  over  the  resonance  at  zero  Torr. 
Buffer  gas  is  added  before  the  laser  frequency  changes  significantly 
and  the  gain  of  lock-in  amplifier  is  adjusted  to  give  an  easily 
detected  signal  on  the  pressure  shifted  resonance. 

To  extract  the  frequency  shift  rate  and  the  broadening  due  to 
collisions  we  recall  from  Section  II  that  the  measured  frequency  shift 
follows  from  the  resonance  condition  given  by  Eq.  3  and  the  linewidth 
is  given  by  Eq.  4.  In  the  binary  approximation  for  collisions,  the 
terms  7^3 >  el3’  an<*  6 12  are  ^*-nearly  proportional  to  buffer  gas 

pressure.  Therefore,  the  pressure  broadening  rate,  7  ,  is  defined  by 
7^p+r  =7  where  To  is  the  pressure  independent  linewidth  and  the 
frequency  shift  rate  is  defined  by  eop  =  e13+{ (kg/k-) ’ 

The  rates  are  obtained  by  measuring  the  width  and  shift  as  a  function 
of  buffer  gas  pressure  and  finding  the  slope  by  a  least  squares  fit. 
Each  data  point  of  such  a  measured  dependence  is  the  result  of 
performing  a  nonlinear  least  squares  fit  of  a  Lorentzian  lineshape  to 
the  recorded  data  (see  Fig.  7)  and  determining  the  full  width  at  half 
maximum  and  the  line  center.  Examples  of  the  measured  pressure 
dependence  of  both  the  line  broadening  and  resonance  shift  are  shown  in 
Figure  9a  and  9b,  respectively.  The  error  bars  represent  the 
statistical  error  based  on  the  nonlinear  least  squares  fit  and  do  not 
include  systematic  errors.  The  straight  line  is  the  best  fit  through 


the  points.  Table  2  shows  the  pressure  broadening  rate  (FWHM)  7  /it 

(Hz/Torr)  for  argon,  neon,  and  helium  for  the  dephasing  rate  between 
2  2 

the  3s  state  and  the  nd  state.  Table  3  shows  the 

pressure  broadening  rate  and  the  rate  of  frequency  shift,  e^/2*, 
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(Hz/Torr)  for  transitions  between  the  3s  state  and%the 

ns  o..  /0 .  The  error  shown  in  parentheses  in  Table  3  is  the  standard 
deviation  of  the  linear  fit  parameter  for  the  slope  of  the  line.  For 
broadening,  the  linear  form  for  fitting  was  y=mx+b  but  for  the  shift, 
the  fit  was  made  to  y=mx. 

To  extract  cross  sections  from  the  above  data,  we  note  that  in 
general,  'yP^NCg^v  where  Cgr  is  the  cross  section  for  collision  induced 
broadening,  N  is  the  perturber  density  and  v  is  the  relative  velocity. 
At  T=571#K,  N=1 .69xl016cm~3Torr_1 .  The  relative  velocity  is  given  as 
v=(8kBT/7r/*)1/2  where  /*  is  the  reduced  mass.  From  section  II,  however, 
we  see  that  the  measured  collision  broadening  rate  is 

k. 


given  by  7^3  -  (jq  -  1)  7*2  =  X 

where  7^3  =  Ntfg3v  and  7^  —  N<7g2v  anc^  t^ie  collisional 

broadening  cross  section  for  the  ij  superposition  state.  We  are 
13 

interested  in  ffgr  and  hence  must  make  the  correction  for  the 


.Ph  _ 


small  contribution  from  a 


12 

Br 


31 

Lewis  summarizes  the  values  for 


12  12  *2  32 

at  but  the  value  at  2127A  from  McCartan  and  Farr  seems  most 
Br  Br 

appropriate.  In  principal  a  similar  correction  must  be  made  to 

the  line  shift  data.  As  described  by  Lewis,  there  is  little 

agreement  as  to  the  value  of  the  3p  P3/2  ^eve^  shift. 

Fortunately  the  range  of  measurement  shows  that  the  cross  section 
2 

for  the  3p  P3/2  ener8y  level  shift  is  sufficiently  small  that  the 

2 

correction  for  the  ns  Sjyg  energy  level  shift  is  at  the  0.1% 

level.  Hence,  no  correction  is  necessary  in  the  shift  data  to 

obtain  the  shift  parameter.  Table  3  shows  the  inferred  cross 

2  2 

section  data  for  broadening  of  the  3s  Sjyg-11®  ®i/2  suPerPositi°n 
state . 


»  %  % 
V-V 
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Systematic  errors  in  the  measurement  of  7 Q/ir  and  eQ/2if  can 
arise  from  uncertainties  in  frequency  dispersion,  pressure 
measurement,  and  temperature  measurement.  Frequency  dispersion 
was  determined  using  a  1  GHz  FSR  Fabry-Perot.  The  error  is 
believed  to  be  of  the  order  of  a  few  percent.  The  same  frequency 
calibration  was  used  to  obtain  the  good  agreement  between  our 
fine  structure  splitting  and  previous  measurements  discussed 
above.  Pressure  measurements  were  made  using  an  MKS  Baratron 
gauge  and  have  an  accuracy  of  better  than  1%.  Temperature 
measurements  are  accurate  to  within  1%. 

A  potentially  more  serious  source  of  systematic  error  is 
higher  order  contributions  to  the  nonlinear  polarization.  An 
example  is  that  the  fifth  order  term  arising  from  a  perturbation 

chain  of  the  form  P  P P  2Q?  P  2Z*  ^  22*  ?  12  fckat  leads  to  a 
resonant  denominator  with  a  pressure  dependent  linewidth 
determined  by  7^;  i.e.,  dephasing  collisions  of  the 
superposition  state  between  states  2  and  3.  In  the  case  of 
sodium  this  means  the  3p-nd  or  3p-ns  superposition  state.  As 
indicated  above,  due  to  the  physics  of  the  collision  process, 
this  would  not  be  expected  to  significantly  alter  the 
interpretation  of  the  collision  induced  frequency  shift 
measurements.  However,  it  could  cause  some  problem  in 
interpreting  the  collisional  broadening  measurements.  To  avoid 
these  difficulties,  the  power  of  the  pump  beam  at  589  nm  resonant 
on  the  3s-3p  transition  was  kept  as  low  as  possible,  typically 
200  pW  corresponding  to  1  mW/cm  .  This  corresponds  to  an 
I/Io*»r~0 •  1  and  in  the  absence  of  additional  physics,  ensures  the 


validity  of  assuming  that  only  the  third  order  polarization  / 
contributes  to  the  signal . 

Unfortunately,  optical  pumping  can  increase  the 

significance  of  higher  order  terms  by  reducing  the  effective 

2 

IgA?-  The  intermediate  coupling  is  through  the  3p 

o 

state  from  the  3s  ground  state  and  hence  does  not  lead 

to  an  optical  pumping  induced  depletion  of  the  3s 
grounds tat e .  However,  as  we  discussed  elsewhere,  state  changing 
collisions  of  buffer  gas  atoms  with  the  3p  state  can 

lead  to  collision  induced  hyperfine  structure  optical  pumping. 
Also,  coupling  from  the  3p  **3/2^®^  bo  ns  or  n{*  can  ^eac^  to  a 
variety  of  decay  paths  that  lead  to  hyperfine  structure  optical 
pumping  of  the  ground  state.  Both  of  these  effects  lead  to  a 
reduced  which  increases  the  significants  of  higher  order 

nonlinear  polarizations.  In  a  Doppler  broadened  medium  hyperfine 
optical  pumping  leads  to  an  increase  in  bhe  "depth"  of  velocity 
hole  burning.  Hence  to  correctly  calculate  the  significance  of 
optical  pumping,  one  must  include  velocity  changing  collisions 
which  significantly  lessen  the  effect  of  optical  pumping.  Such  a 
global  calculation  is  beyond  the  scope  of  this  paper,  but  the 
physical  picture  described  above  indicates  that  further  work  may 
be  necessary  to  evaluate  the  contribution  of  the  dephasing  of  the 


3p-nl  superposition  state  to  the  measured  linewidth.  At  this 
point  however,  we  have  not  observed  any  measurable  dependence  of 
Ogr  on  pump  intensity. 


4.  Discussion  of  results 

% 

The  objective  of  this  work  has  been  to  demonstrate  a  new  kind  of 
frequency  domain  spectroscopy,  to  present  frequency  domain 
measurements  of  the  collision  induced  broadening  and  shift  as  a 
function  of  principal  quantum  number  in  sodium,  and  to  evaluate  the 
success  of  the  analytical  description  of  the  collision  physics.  Since 
a  number  of  previous  experimental  studies  of  Rydberg  collision  physics 
have  been  described,  it  is  useful,  where  possible,  to  compare  our 
measurements  with  others  in  the  literature. 

Aside  from  the  3s-3p  superposition  state,  the  most  extensively 
studied  superposition  state  in  sodium  involves  the  4d  state.  Table  4 
summarizes  the  measurements  of  0gr  for  dephasing  of  the  4d  state  by 
helium,  neon,  and  argon  buffer  gases.  It  is  important  to  remember 
that  because  the  cell  temperature  varies  from  one  experiment  to 
another,  one  must  compare  <Tgr,  not  7q.  Recall  7Q=NcTgrv/ir  (Hertz/Torr) 
where  v  is  the  temperature  dependent  average  velocity  and  N  is  the 
temperature  dependent  number  density  at  a  pressure  of  1  Torr.  Our 
measurements  are  in  reasonable  agreement  with  the  previous  work 
demonstrating  the  reliability  of  FDTS.  It  is  interesting  to  note, 
however,  that  there  is  a  significant  spread  of  cross  section  values 
in  the  literature.  Moreover,  it  is  unexpected  that  the  measurement  of 
the  collisional  dephasing  of  the  3p-4d  superposition  state,  based  on 
conventional  linear  spectroscopy,  shows  a  Cgr  well  within  the  spread 
of  3s-4d  measurements.  Intuitively,  one  might  expect  this  cross 
section  to  be  less  than  the  dephasing  cross  section  for  the  3s-4d 
state  since  the  larger  overlap  of  the  3p  and  4d 


wavef unction  compared  to  the  overlap  of  the  3s  and  4d 
wavef unctions  should  lead  to  smaller  dephasing  during  a 
collision . 


Comparison  between  FDTS  and  tri level  echo  measurements  of  crgr 

for  the  3s-nd  superposition  state  shows  the  FTDS  date  to  be  20%- 

1  fi 

40%  lower  than  that  of  Flusberg  for  helium  and  neon,  but  20% 
higher  for  argon.  For  the  3s-ns  superposition  state,  FDTS 
measurements  of  0gr  are  consistently  30%  lower  than  those  of 
Flusberg. 

Figure  10  shows  the  measured  value  of  the  shift  rate  for  the 

ns  state  as  a  function  of  principal  quantum  number  as  measured  by 

FDTS.  Figure  10  also  shows  the  shift  rate  for  the  np  state 

2 

measured  by  Fuchtbauer  and  the  nd  state  measured  by  Krebs  and 
1 8 

Schearer  The  shift  rate  was  inferred  from  their  data  for 

T=571*K.  No  correction  for  the  quantum  defect  was  made  in  this 

comparative  plot  of  the  data.  The  slight  peak  at  n=9  was 

anticipated  though  not  clearly  demonstrated  in  the  np  shift 

measurements  of  Fuchtbauer.  In  comparing  eQ  for  intermediate 

values  of  n  (<11) ,  the  measured  shift  of  the  nd  states  is  less 

than  the  measured  shift  for  np  and  ns  showing  the  importance  of 

angular  momentum  effects  for  intermediate  values  of  n. 

Physically,  one  expects  the  collision  cross  section  to 

2  4 

increase  with  increasing  quantum  number  according  to  »ao  n 
Figure  10  shows  such  behavior  between  n=4  and  n=8  for  the  ns 
state.  However,  as  n  increases,  the  coupling  between  the  ionic 
core  and  the  electron  decreases,  and  the  electron  and  core 
scatter  the  incoming  perturber  separately.  Using  this  physical 


picture,  the  analytical  treatment  of  the  asymptotic  limit  of  the 
shift  was  first  presented  by  Fermi  *  with  more  detailed 

g 

calculations  presented  later  by  Alekseev  and  Sobelman 

Q 

Calculations  by  Ivanov  provided  a  series  expansion  in  principal 

quantum  number  good  for  n>>l .  There  are  two  contributions  to  the 

shift.  The  largest  contribution  is  due  to  the  scattering  of  the 

electron  by  long  range  interaction  of  the  incoming  perturber. 

This  part  of  the  shift  was  calculated  by  Fermi  to  be 

e=±  (ii/m)  (ircro)  where  Oq  is  the  cross  section  for  scattering  of 

the  electron  by  the  perturber  in  the  limit  of  very  low  velocities 

and  N  is  perturber  density  (e  is  in  rad. /sec) .  The  electron 

2  2 

scattering  cross  section  is  4 ir  L  where  L  is  the  electron 
scattering  length.  In  atomic  units,  L=l.l  for  helium  based  on 

a 

data  of  Fuchtbauer  .  The  shift  is  negative  (red)  if  the 
perturber,  such  as  argon,  exhibits  the  Ramsauer-Townsend 
effect"5  .  For  helium,  there  is  no  Ramsauer-Townsend  effect  and 
the  shift  is  positive.  The  second  contribution  is  due  to  the 
polarization  of  the  incoming  perturber  by  the  alkali  atom.  The 
polarization  contribution  is  much  smaller  than  the  electron 
scattering  contribution  and  is  given,  in  the  asympotic  limit,  by 
-6.3x10  (a  v)  N  where  a  is  the  polarizability  of  the 
perturber  in  atomic  units  and  v  is  the  perturber  velocity  in 
cm/sec.  For  helium,  the  reported  value  for  a  (in  atomic  units) 
is  1.31  .  The  series  expansion  including  the  polarization 
correction  is  given  by® 


e(n)  = 


3.8xlO"8L 


(1*4^ 


In 


-11  2- 

N  -  6.3x10  1 1 (a  v)  N 


2.72 


where  e  is  in  rad. /sec,  L  and  a  are  in  atomic  units,  N  is  in  cm  ,  and 
v  is  in  cm/sec..  Figure  10  shows  the  calculated  behavior  assuming 
1.69X101  perturber  density  (atoms  per  cm°  at  571°K  at  1  Torr) . 
Qualitative  agreement  is  obtained  using  7=10  (taken  from  Ivanov’s 
fitting  of  Fuschtbauer)  and  the  above  values  for  L  and  a.  Good 
quantitative  agreement  could  easily  be  had  by  adjusting  these 
parameters.  For  the  above  equation,  the  principal  quantum  number  is 
the  effective  quantum  number  given  by  n-d^  where  5^  is  the  quantum 
defect.  For  the  above  comparison,  we  have  used  the  s-state  value, 
d>s=1.384,  for  the.  quantum  defect33. 

The  analytical  treatment  of  the  broadening  cross  section  as  a 
function  of  n  has  been  presented  by  Omont*®.  The  broadening  is  due  to 
short  range  interactions.  As  above,  the  cross  section  is  expected  to 
increase  as  n  .  However,  for  n  large,  the  dephasing  resulting  from 
the  scattering  of  the  electron  becomes  negligible,  and  the  only 
remaining  contribution  is  due  to  the  polarization  of  the  perturber  by 
the  alkali  atom.  This  is  different  than  for  the  shift  described  above 
and  is  the  result  of  the  short  range  type  interaction  characterizing 
dephasing.  For  the  large  n,  the  total  cross  section  is  given  by  the 
sum  of  the  electron  scattering  term  and  the  polarization  term.  In  the 
limit  appropriate  for  our  work,  Omont  gives  the  total  cross  section 


a=2wa  2b9(2n2-b.2)  +  wa  2b  2 
O  Z  1  o  1 


where 


b1=6xl02(a/v)1/3 


b2=6.7xl015(L/n3v)2, 
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The  values  for  L  and  a  are  in  atomic  units  and  v  is  in  cm/sec.  Figure 

« 

11  shows  a  plot  of  the  measured  cross  sections  for  dephasing  of  the 
3s-ns  superposition  state  and  the  theory  of  Omont.  For  this 
comparison,  the  parameters  L  and  a  were  adjusted  for  a  reasonable  fit. 
For  the  curve  shown,  L=0.865  and  a=0.75  (in  atomic  units).  The  value 
of  L  basicly  determines  the  curve  position  for  intermediate  n,  and  the 
value  for  a  determines  the  asymptotic  limit.  Note,  that  as  n  goes  to 
infinity,  a=ira.Q  It  is  interesting  to  note  that  the  values  of  L  a 

nd  a  used  to  fit  the  line  broadening  data  do  not  give  good  agreement 
with  the  line  shift  data.  It  is  certainly  possible  to  determine  a 
value  of  L  to  fit  the  line  shift  data  for  large  n  and  a  value  for  a  to 
fit  the  line  broadening  data  for  large  n.  However,  for  intermediate 
values  of  n,  the  agreement  is  not  good.  The  dashed  lined  in  Fig.  11 
shows  the  Omont  theory  for  line  broadening  with  the  values  for  L  and  a 
used  to  fit  Ivanov’s  theory  to  the  shift. data. 

In  summary,  these  experiments  present  measurements  of  line  shift 
and  line  broadening  of  the  3s-ns  superposition  states  using  FDTS. 

Good  qualitative  agreement  has  been  found  between  existing  analytical 
treatments  of  both  the  broadening  and  the  shift.  However,  the  use  of 
FDTS  suggests  that  it  should  now  be  possible  to  work  in  a  pressure 
range  well  within  the  limits  of  the  impact  approximation  and  obtain  a 
precision  not  previously  available.  Improving  the  calibration  of  the 
system  should  enable  reduction  of  the  systematic  error  from  10%  to 
less  than  1%.  Eliminating  sources  of  systematic  error  will  also 
necessitate  a  careful  analysis  of  the  differences  between  the  FDTS 
technique  and  the  trilevel  echo.  However,  from  the  current  work,  and 
the  work  of  Krebbs  and  Schearer  ,  it  is  already  clear  that  the 
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angular  momentum  of  the  orbiting  electron  must  be  included  ijj 
calculating  the  shift.  Furthermore,  while  it  is  possible  to  chose 
parameter  a  and  L  to  fit  the  theory  of  Omont  to  the  measured  Cgr ,  a 
different  set  of  values  must  be  used  to  fit  the  theory  of  Ivanov  to 
the  measured  £ 

o 
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TABLE  1.  Fine  structure  splitting  of  the  sodium  nd  state. 


i/(  J=5/2) 

-  i/(J= 3/2) 

n 

FDTS  Exp.  (MHz) 

Exp.  (MHz) 

Theory1 

4 

-1033(10) 

-1038 (50) a 
-1025 (6) b 
-1035 (10) c 
-1028. 4(0. 4) d 

-915 

8 

-178.5(4) 

-173 (10) e 

-157 

9 

-127.8(2.6) 

-124.5(1 -5)f 

-113 

10 

-91.3(2) 

-91.5(l)f 

-85 

11 

-68.4(1.5) 

-70.0(0.7)f 

-63 

12 

-47.6(1) 

-54.0(0.5)f 

-49 

a)  Ref .  23 

b)  Ref.  24 

c)  Ref.  25 

d)  Ref.  26 

e)  Ref.  22 

f)  Ref.  27,  28 

g)  Ref.  29 
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TABLE  2.  Buffer  gas  broadening  rate  measured  by  FDTS  for  the  ! 

stated  superposition  state. 

_  •  »- 

. .  '  “  ’  '  ""  '  '  ""  * 


BUFFER  GAS 

BROADENING 

RATE,  7  /r 

(MHz/Torr) 

•fc  *  - - 

o 

0.  . 

Superposition  State 

Helium 

Neon 

Argon 

3s2si/2<P=2>-4d2DS/2 

31.5 

> 

16.5 

40.7 

It. 

3s2S1/2(f=2)-8d2D5/2 

71.9 

23.1 

224 

3s2si/2<P='2>-Bd2D5/2 

64.1 

24.2 

282 

— -  - - C} 

3s2s1/2(f=2) -10d2D5/2 

76.9 

24.1 

266 

•;! 

3s2si/2(F=2)-Ud2DS/2 

76.3 

24.2 

263 

i.k  ’ 
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TABLE  3. 


Buffer  gas  broadening  rate  and  shift  parameter  measured  by 
FDTS  on  the  stated  superposition  state.  The  buffer  gas  is 


helium.  The 

See  text  for 

cross  section 

explanation  of 

for  broadening 

cross  section 

is  also  given. 

derivation . 

Superposition  State  i/o/x  (MHz/Torr) 

*Br(A2)  € 

o/2ir  (MHz /Tor r) 

3saS1/2(P=2)-8s2Sl/2 

35(0.7) 

309(6) 

104(0.8) 

3s2si/2<P=2>-9s2si/2 

25.7(0.9) 

212(7) 

110(2.8) 

3s2S1/2(F.=2)-10s2S1/2 

19.9(0.4) 

151(3) 

112(1.3) 

3s2sV2<P'2>-:11s2s1/2 

18.0(0.6) 

130(4) 

106(1 .6) 

3s2si/2(F=2)-12s2si/2 

16.7(1 .4) 

116(10) 

103(2.2) 

3s2S1/2(p«2)-13s2Si/2 

104(2.1) 

3S2S1/2(f=2)-1452Si/2 

102(2.4) 
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TABLE  4. 


Comparison  of  different  measurements  for  buffer  gas 
broadening  cross  sections. 


Method 

Superposition  State 

Helium 

Neon 

FDTS 

(571°K,3Torr) 

332si/2(F=2)-4d2D5/2 

307(8) 

285 (9) 

Trilevel  Echo^® 
(400°K , 0 . lTorr) 

3-2S1/2-4d2D3/2 

391(16) 

382(13) 

DFWM14 

(673°K, lOTorr) 

3s2si/2-4d2D 

386(32) 

305(57) 

Two-Photon  Abs .  ^ 
(4l3°K,5Torr) 

3s2si/2-4d2D5/2 

239(37) 

Two-Photon  Abs . ^2 
(563°K,3Torr) 

3s2si/2-4d2D5/2 

408(48) 

400(28) 

Two-Photon  Abs . 
(600°K,2000Torr) 

3s2S1/2-4d2D5/2i3/2 

223(44) 

33 

Discharge  Lamp 

and  Linear 

Spectroscopy 
(500°K, lOOTorr) 

3P2pi/2-‘d2D3/2 

386(21) 

361(38) 

Argon 

826(26) 

1045(174) 

1041(66) 

1049(109) 

918(168) 

954(67) 


102 


2/2 


AD-A146  827  NONLINEAR  OPTICAL  STUDIES  OF  RVDBERG  ATOMS  USING 

DEGENERATE  FOUR-WAVE  MIXING(U)  HUGHES  RESEARCH  LABS 
MALIBU  Cfl  J  F  LAM  ET  AL.  AUG  84  ARO-17432.  13-PH 
UNCLASSIFIED  DAAG29-8i-C-0008  F/G  20/6  NL 


FIGURE  CAPTIONS 


Figure  1 . 


Figure  2. 


Figure  3. 


Figure  4. 


Figure  5 . 


Figure  6. 


Four-wave  mixing  geometry  for  FDTS .  Two 

counterpropagating  plane  waves  E^  and  Eg  interact  with  a 
three  state  resonant  system.  A  third  plane.  Eg*  is  nearly 
col linear  with  Eg. 


Cascade  up  three  level  system  for  calculating  the  FDTS 
nonlinear  response.  7 is  the  spontaneous  emissions 
coefficient  and  7.  is  the  decay  to  the  reservoir,  either 

J 

by  radiative  decay  or  inelastic  collisions. 


Perturbation  sequence  for  solving  the  density  matrix 
quantum  mechanical  transport  equation.  Purturbation  order 
is  determined  by  the  applied  electromagnetic  fields. 


Simplified  energy  level  diagram  for  atomic  sodium.  FDTS 
results  in  a  coupling  from  the  3s  ground  state  to  the  ns 
or  nd  Rydberg  state  by  resonant  coupling  through  the 
intermediate  3p  state. 


Experimental  configuration  for  FDTS.  Frequencies  u ^  and 
Wg  are  generated  by  two  Coherent  Radadiation  stabilized 
ring  dye  lasers.  The  three  beams  intersect  in  the  sodium 
cell. 


FDTS  spectra  of  the  8d  state  obtained  by  holding  fixed 
and  scanning  Wg  over  the  upper  level  resonances.  The  fine 
structure  splitting  is  clearly  resolved.  The  small 
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secondary  resonance  are  due  to  weak  coupling  through 
3p  intermediate  state.  The  spacing  is  explained 

in  the  text. 


Figure  7.  Example  of  pressure  broadening  of  the  FDTS  signal.  The 
smooth  curve  in  7b  is  the  result  of  a  least  square  fit  of 
a  Lorentzian  profile. 


Figure  8.  Example  of  the  pressure  induced  resonance  shift  with  1.825 
torr  of  Helium.  The  transition  is  between  the  3s  state 
and  the  9s  state . 


Figure  9.  Demonstration  of  the  linear  dependence  of  the  line  width 
and  frequency  shift  on  buffer  gas  pressure.  The  error 
bars  represent  the  statistical  error  of  the  least  square 
fit  for  that  data  point,  and  do  not  include  systematic 
errors . 


Figure  10.  The  collision  induced  frequency  shift  as  a  function  of 

principal  quantun  number  for  helium  buffer  gas.  Curve  1 

is  the  ns  state  (this  work) ,  curve  2  is  the  np  state 
2 

(Fuchtbauer  ) ,  curve  3  is  the  nd  state  (Krebs  and 

18  9 

Schearer  ) ,  and  curve  4  is  the  theory  of  Ivanov  with  the 

electron  scattering  length  L=l.l,  <2=1.31,  and  7=10  (atomic 

units) .  The  s-value  for  the  quantum  defect  was  used  in 

the  theoretical  curve.  No  adjustment  for  differing 

quantum  defects  was  made  in  plotting  the  np  or  nd  data. 

The  data  point  at  n=5  (curve  1)  is  from  reference  12. 


Figure  11. 


Collisional  broadening  cross  section  as  a  function  of 
principal  quantum  number  for  helium  buffer  gas.  The 
smooth  curve  is  the  theory  of  Omont  with  L=0.863  and 
a=0.75.  The  dashed  line  represents  Omont ’s  theory  with 
and  a  values  used  in  Ivanov’s  theory. 
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i 

(  There  has  been  considerable  interest  in  providing  a  simple 
|  interpretation  of  the  structure  observed  in  both  pump-probe 
|  (1)  and  4-wave  mixing  (2)  spectroscopic  line  shapes.  In  pump- 
'  probe  spectroscopy,  one  measures  the  absorption  profile  of  a 
weak  probe  field'  in  the  vicinity  of-  an  atomic  transition  that 
is  driven  by  an  arbitrarily  strong  pump  field.  In  a  4-wave 

■  mixing  experiment,  one  can  use  three  fields  having  frequencies 

■  0,  0,  and  (Q  +  6)  to  generate  a  phase  conjugate  signal  at 

.  frequency  (n  -  « ) ;  the  intensity  of  the  phase-conjugate  sig- 
I  nal  as  a 'function  of  6  is  monitored. 

j 

,  Using  an  amplitude  rather  than  a  density  matrix  approach,  we 
present  a  new  method  for  explaining  both  the  collision-free 
and  collision-" induced"  features  of  the  line  shapes.  Colli¬ 
sions  are  simulated  by  allowing  the  ground  state  of  the 
atoms  to  have  a  finite  width  (3).  For  the  case  of  purap-probe 
spectroscopy  with  a  pump  field  of  amplitude  E,  a  detuning  d 
between  the  pump  field  and  the  atomic  transition  frequency, 
and  a  frequency  offset  of  6  between  the  probe  and  pump  fields, 
we  are  able  to  explain  the  following  known  features  found  in 
homogeneously  broadened  systems  (characteristic  line  width 
;  *y)*  (a)  For  closed  systems  (i.e.  -  no  collisions  and  no  decay 
I  to  an  external  resevoir)  with  |a|>>y,  there  is  an  absorption 
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(component  at  4  »-i  of  order  E° ,  a  dispersion-like  component  at 
}6  *  0  of  order  E4  and  an  emission  component  at  J  =  +4  of  order 
;E4 ?  (b)  With  collisions  present,  the  dispersion-like  component 
lat  4  -  0  is  of  order  E2  and  it  is  possible  to  have  gain  in 
this  part  of  the  profile?  (c)  For  |aJ<y#  a  narrow  dip  of  order 
E2  can  appear  inside  the  homogeneous  absorption  width  when 
collisions  are  present.  Collision-induced  features  of  4-wave 

f 

mixing  lineshapes  can  also  be  explained. 

» 

t 

•In  using  the  amplitude  approach,  one  must  sum  the  absolute 
/squares  of  the  sum  of  amplitudes  corresponding  to  the  same 
final  state.  Amplitudes  corresponding  to  different  final 
(States  (e.g. ,  states  for  which  different  numbers  of  pump 
iphotons  are  absorbed)  cannot  interfere.  The  pump-probe  dis-  i 

per s ion  like  structure  near  6  *  0  is  seen  to  arise  from  final 
states  in  which  the  atom  is  left  in  its  ground  state,  while  ) 

/the  4-wave  mixing  resonances  arise  from  amplitudes  in  which 
two  pump  photons  are  absorbed  and  a  probe  and  signal  photon  j 

are  emitted.  The  disappearance  of  the  6  «  0  resonance 

structure  for  closed  systems  is  seen  to  be  linked  to  conserve-  . 

ticn  of  energy.  ' 

This  research  is  supported  by  the  U.S.  Office  of  Naval  ! 

Research,  and  the  work  of  J.F.  Lam  is  supported  by  Army  Research 
Office  under  contract  No.  DAAG29-81-C-0008 . 

j 
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Abstract 


We  report  the  observation  of  the  subnatural  linewidth  of 
Zeeman  coherences  in  the  presence  of  buffer  gases  using 
polarization  nearly  degenerate  four-wave  mixing.  The  origin  of 
the  ultranarrow  linewidth  is  attributed  to  the  physics  of  the 
evolution  from  closed  to  open  quantum  systems. 


Investigations  of  four-wave  mixing  processes  in  gaseous  media 


have  provided  a  rich  variety  of  new  spectroscopic  results, 

especially  in  the  presence  of  buffer  gases.  Examples  are  the 

experimental  verification  of  pressure-induced  extra  resonances 
1  2 

(PIER) ,  ’  observation  of  collisional  narrowing  of  spectral  line 

3 

features  associated  with  the  population  relaxation  rate  and  the 

appearance  of  a  coherent  dip  in  homogeneously  broadened 
4  5 

transitions.  ’  These  features  can  be  interpreted  as  arising  from 

the  non-cancellation  of  quantum  mechanical  amplitudes  mediated  by 

16  7 

collisions  with  ground  state  perturbers.  '  ' 

We  report  the  first  observation  of  an  optical  resonance  having 
a  subnatural  linewidth  generated  by  the  nonlinear  excitation  of 
ground  state  Zeeman  coherence  through  the  process  of  polarization 
nearly  degenerate  four-wave  mixing  (PNDFWM) .  Our  results  are 
explained  by  a  simple  physical  model  and  analyzed  using  a 

— 18 

statistical  tensor  formalism.  We  show  that  an  upper  bound  of  10 
2 

cm  exists  for  the  spin  depolarization  cross  section  of 
Na(3Sj^2 _F=2] )  in  the  presence  of  Ne  buffer  gas  as  inferred  from 
the  observed  pressure  dependence  of  the  linewidth. 


The  technique  of  PNDFWM  spectroscopy 
interaction  of  three  input  fields  denoted 
at  frequencies  u> ,  w  and  w+6  respectively, 
level  atoms  having  transition  frequency 


involves  the  nonlinear 

and  oscillating 
with  a  set  of  moving  2- 
&£  and  2^  are 
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counterpropagating  pump  fields  and  2p  is  the  probe  field  which  is 


nearly  collinear  with  2^ .  We  shall  assume  that  the  polarization 
states  of  2^ ,  2^  and  2p  are  x,  x  and  y;  respectively.  Using  the  x 
direction  as  the  quantization  axis,  2^  and  2^  can  induce  electric 


dipole  allowed  ir  transitions  while  2  induces  a  transitions.  Each 

P 


energy  level  of  the  resonant  atom  is  described  by  a  principal 


quantum  number  a  and  a  total  angular  momentum  JQ .  The  physical 


process  giving  rise  to  a  four-wave  mixing  signal  in  such  a  system 

can  be  described  as  follows.  The  interference  between  2-  and  2 

f  P 

generates  Zeeman  coherences  or  electric  quadrupoles  in  both  the 
ground  and  excited  levels.  Due  to  the  frequency  difference  between 
2|  and  2p,  the  Zeeman  coherence  corresponds  to  a  moving  grating 
from  which  the  field  2^  scatters,  thus  generating  a  signal  field  2g 


propagating  in  the  opposite  direction  to  2p.  Conservation  of 


energy  imposes  the  condition  that  the  frequency  of  the  signal  field 
is  given  by  w-6 .  As  a  result  of  the  motion  of  the  atoms,  two 


resonances  are  observed.  The  first  occurs  at  6=0  when  2-  and  2 

i  P 


are  resonant  with  a  specific  velocity  group  and  leads  to  the 

generation  of  a  Zeeman  coherence  signal .  The  width  of  this 

resonance  is  determined  by  the  electric  quadrupole  dephasing  time. 

The  second  resonance  occurs  at  6=- 2(u  - u )  when  2»  and  2  are 

'o'  f  s 

resonant  with  the  same  velocity  group  and  its  width  is  determined 
by  the  electric  dipole  dephasing  time.  Due  to  the  distinct  nature 
of  collisional  processes  operative  on  electric  dipoles  and  on 
quadrupoles,  PNDFWM,  in  principle,  permits  a  simultaneous  and 
independent  measurement  of  phase-interrupting  and  spin 
depolarization  collisional  cross  sections. 
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In  the  absence  of  foreign  perturbers,  the  ground  and  excited 
levels  are  coupled  together  by  the  vacuum  radiation  field.  The 
spontaneous  decay  rate  7  is  a  measure  of  the  strength  of  this 
coupling.  Because  of  it,  both  quantum  levels  evolve  as  a  single 
entity  even  in  the  presence  of  applied  radiation  fields,  and  this 
entity  has  a  unique  spectral  response,  i.e.,  the  bandwidth  is 
determined  by  7 .  In  the  presence  of  foreign  perturbers,  the  ground 
and  excited  levels  experience  different  collisional  interactions 
which  effectively  decouples  them  even  in  the  presence  of  the  vacuum 
radiation  field.  In  this  case,  the  responses  of  the  ground  and 
excited  levels  to  applied  radiation  fields  reflect  their  evolution 
as  distinct  entities.  Hence,  the  F’NDFWM  signal  has  contributions 
arising  from  both  the  ground  and  excited  states  separately.  The 
spectral  response  of  the  individual  contributions  are  characterized 
by  their  respective  collisional  cross  sections.  For  the  signal 
arising  from  the  ground  level,  IJj>,  the  bandwidth  is  determined  by 
7r  T 1  while  that  of  the  excited  level,  *s  determined  by 

7  7t  -*•  Tg  •  Here  Ta  is  the  effective  collisional  depolarization 
rate  for  level  a  and  7r  is  the  reciprocal  of  the  transit  time  for 
an  atom  through  the  laser  beam.  For  low  pressures,  one  notes  that 
(7t  <<  (7  +  7r  +  T 2)  ■  Hence,  the  contribution  to  the  signal 

from  the  ground  level  will  dominate  over  that  from  the  excited 
level.  The  bandwidth  is  determined  by  7T  and  is  much  narrower 

than  the  bandwidth  associated  with  the  rate  7.  A  measurement  of 
the  bandwidth  at  the  resonance  line  6=0  will  provide  a  direct 
measurement  of  the  ground  level  depolarization  rate  provided 
that  the  transit  time  (1/7  )  is  known  accurately. 
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The  phenomenon  of  collisional  induced  decoupling  of , the  ground 

3  5 

and  excited  levels  appears  to  have  a  broad  application  ’  , 
regardless  of  the  ratio  of  laser  detuning  (and  pressure  broadened 
linewidth)  to  the  Doppler  width.  It  is  a  unique  example  of  the 
evolution  from  a  closed  quantum  system  to  an  open  quantum  system 
initiated  by  the  presence  of  an  additional  randomizing  state- 
selective  reservoir,  i.e.,  the  buffer  gas. 


A  theoretical  description  of  this  physical  phenomenon  is 

accomplished  by  solving  the  density  matrix  equation  in  the 

a 

statistical  tensor  formulation.  This  procedure  is  required  to 
account  for  the  degeneracy  of  the  energy  levels.  The  collisional 


orientation  (k=l)  or  alignment  (k=2)  .  a/3  refers  to  the  ground 

and/or  excited  levels.  In  writing  such  a  decay  rate,  we  assume 
that  there  is  no  coupling  between  distinct  multipoles.  The 
solution  of  the  set  of  statistical  tensor  equations  in  third  order 
perturbation  theory  is  given  by 


-  „(3)  I  <  J.  I  I  /a  I  I  J„>  I  4 

P(r,t)  =  £  „  E  E  E  E  „  — i - — 

a=l,2  q=0,±l  k  -k<q<k  Q  X  X  (  h)3 

=0,±1  un; 


x  (X»)  (X)  (Q)-  -1  ("r-b-V’- 

b  f  &p 


•  a+1  kll  kll  » 

x  (-1)  M  -  (a)  M  (a)  x  /  dv  W  (v) 


(1) 


*  L1<2>  <“f-"b-V  t'-ia’v  *  Li(s>("f)]  L°<k)("rV  ^(“rV5'’ 


where  /J  =  (1 


(-1)0"1)  /2  and 


n  kl  1  f  x 

B  (u.-ui  ) 

q«X  f  P 


(-Dk  i  <k) 


MqQ.x(2> 

<£<»> 


L2<k)<“f-V  -1 


(2) 


(  k) 

represents  the  contribution  due  to  spontaneous  emission.  ')'•  '  is 
the  spontaneous  emission  rate  of  the  kth  pole.  ^qQX  are  3ust 
geometrical  factors,  given  in  terms  of  the  Wigner’s  3j  and  6j 
symbols.  *s  ProPortional  to  the  initial  population 

of  the  ground  level.  The  complex  Lorentzians  are  defined  by 


(1)  (1) 
L12<V>  =  Cri2 


-►  -1 


+  i (w  -w  -  k  »v)l 
v  n  o  n  '  - 


(3a) 


-1 


Lak^  (w f~wp)  =  (  •1~2"1^"  )7  ^  +  1  (wf'wp)  -i(icf-icp)*v)]  (3b) 

and  the  integration  is  performed  for  a  Maxwellian  distribution 
W(v) .  Expressions  (1)  through  (3)  are  the  main  theoretical  results 
of  this  paper  and  account  for  the  arbitrary  polarization  state  of 
the  radiation  fields.  The  integration  has  been  carried  out  and  the 
spectral  response  is  plotted  in  the  left  hand  column  of  Figures  1 
and  2  for  distinct  values  of  neon  buffer  gas  pressure.  Fig  1 
corresponds  to  the  case  where  the  polarization  states  of  the  pump 
fields  are  linear  and  90*  cross  polarized  to  that  of  the  probe 


*»  ■  -  *.  . 
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field.  Fig  2  corresponds  to  the  case  where  all  input  fields  are 

* 

linearly  co-polarized .  The  data,  in  both  figures,  correspond  to 
the  case  where  the  counterpropagating  pump  waves  are  on  resonance 


with  the  2-level  system,  i.e.  u=u>o.  In  this  case,  the  two 
resonances  overlap  and  in  the  absence  of  buffer  gas  their 
linewidths  are  determined  by  the  spontaneous  decay  rate  of  the  2- 
level  system. 

The  experimental  study  of  PNDFWM  was  made  using  the 
2  2 

3s  S^2(F=2)-3p  transition  on  the  Dg  line  of  atomic 

sodium.  This  transition  is  not  subject  to  ordinary  hyperfine 
structure  optical  pumping.  The  experimental  setup  was  similar  to 
that  described  earlier  where  one  frequency  stabilized  tunable  cw 
dye  laser  supplied  the  pump  beams  and  the  probe  beam  was  supplied 
by  a  second  cw  frequency  stabilized  laser.  In  the  first  set  of 
experiments,  the  two  pump  beams  were  linearly  s-polarized  and  the 
probe  was  linearly  p-polarized.  As  studied  earlier,  the  resultant 
signal  is  linearly  p-polarized  and  was  detected  with  a  PMT  and  a  p- 
oriented  polarization  analyzer  while  in  the  second  set  of 
experiments  all  beams  were  set  to  be  s-polarized.  To  avoid 
contributions  from  nonlinear  Hanle  effects,  the  earth’s  magnetic 
field  was  cancelled  using  three  orthogonal  pairs  of  Helmholtz 
coils.  The  pump  frequency  was  adjusted  to  be  on  or  near  the  atomic 
resonance,  and  the  signal  was  observed  as  a  function  of  the  probe 
frequency.  The  relative  laser  jitter  was  of  the  order  of  one 
megahertz.  The  angle  between  the  propagation  directions  of  and 
2  was  maintained  at  <0.5*.  This  geometry  gives  a  residual  Doppler 


width  of  the  order  of  3  megahertz.  In  the  absence  of  collisions, 
the  measured  linewidth  of  25  Mhz  is  given  by  the  sum  of  the 
spontaneous  emission  rate,  residual  Doppler  width  and  laser  jitter. 
The  results  of  the  experiment  are  illustrated  on  the  right  hand 
column  of  Figs  1  and  2,  and  show  excellent  agreement  with  the 
theoretical  results. 

The  distinct  behavior  of  the  two  data  sets  can  be  traced  to 
the  origin  of  the  collisional  interaction  for  the  population  and 
electric  quadrupole.  In  the  presence  of  buffer  gases , population 
relaxes  according  to  velocity  changing  collisions.  The  cross 

section  for  such  a  collisional  interaction  is  approximately 

—15  2  9 

10  cm  for  the  ground  state  of  sodium  atoms.  However,  the 

ground  state  electric  quadrupole  experiences  spin  depolarizing 

collisions  which  have  a  cross  section  in  the  range  of 

-19  -26  2  10 

10  -  10  cm  for  the  case  of  sodium  vapor.  Since  the 

collisional  decay  rate  is  defined  as  T=n<av>,  one  expects  that  the 

decay  rate  for  the  population  is  significantly  larger  than  the  one 

for  the  electric  quadrupole,  for  the  same  pressure  range.  This 

physical  argument  explains  the  behavior  of  the  linewidth  as  a 

function  of  buffer  gas  pressure  in  Figures  1  and  2.  The  results  in 

Fig  1  shows  that  the  subnatural  linewidth,  arising  from  the  ground 

state  electric  quadrupole,  undergoes  no  additional  changes  when  the 

buffer  gas  pressure  increases  from  25  to  250  torr.  On  the 

contrary,  the  results  in  Fig  2  shows  that  the  subnatural  linewidth, 

due  t.o  the  ground  state  population,  at  25  torr  experiences 


significant  broadening  when  the  buffer  gas  pressure  is  raised  to 

* 

250  torr .  Furthermore,  the  data  in  Figure  1  allows  a  direct 

estimate  of  the  magnitude  of  the  spin  depolarizing  cross  section 

for  the  ground  state  of  sodium-  Using  the  measured  value  of  the 

linewidth  at  250  torr  and  the  average  value  of  the  relative 

velocity  of  the  perturbers  with  respect  to  the  sodium  atoms  at 

300®c,  the  cross  section  for  the  spin  depolarizing  collsion  is 

- 1 8  2 

estimated  to  have  an  upper  bound  of  10  cm  .  This  estimate  is 
limited  by  the  minimum  linewidth  capability  of  the  laser  system. 

In  conclusion,  we  used  the  technique  of  PNDFWM  to  study  the 
effect  of  collisions  on  the  population  and  electric  quadrupole  of 
the  ground  state  of  sodium  vapor.  Furthermore,  we  have  elucidated 
the  physical  origin  of  the  subnatural  linewidth  in  the  presence  of 
buffer  gases  and  attribute  it  to  the  fundamental  concept  of 
evolution  from  closed  to  open  quantum  systems. 

This  work  is  supported  in  parts  by  the  Army  Research  Office 
under  contract  #  DAAG29-81-C-0008 . 
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FIGURE  CAPTIONS 


PNDFWM  spectral  response  as  a  function  of  neon  gas 
pressure.  The  polarization  states  of  E^. ,  E^  and  E 
are  s,  s,  p;  respectively.  Left-hand  column  ^ 

corresponds  to  theory  while  right-hand  column  0 

describes  experiments. 

NDFWM  spectral  response  as  a  function  of  neon  gas 
pressure.  All  radiation  fields  are  linearly  co¬ 
polarized.  Left-hand  column  coresponds  to  theory 
while  right-hand  column  describes  experiments.  ) 
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